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TABLE I-A. SIMWAfT OF DATA FM SCRIMG IUM CCP--5

Catalyst: Code I Fuel: Propane

Hot Spot , /T x io3  Exit Oxyecn % Oxygen Oxgen In ,(29 In_)
Temp.(T), Conc., Vol. Conversion Oxygen Out

563 1.776 3.27 0.0 1.000 0.000

599 1.670 2.32 29.1 1.410 0.344

663 1.510 1.86 43.2 1.759 0.565

782 1.280 1.O6 67.6 3.080 1.124

852 1.173 0.47 85.7 6.950 1.940

867 1.152 0.25 92.5 13.100 2.570

TABIZ In-A. sUm, Ay OF DATA FOR •cREIING RuN CcP-6

Catalyst: Code A Fuel: Propane

HteSpo t),* 1/Tx X 10 Exit Oxyen %Oxyen Ormen In In~zŽ.
Tep.__T__ __ Conc., ,., Vol. Conversion Oxygen Out

577 1.732 3.00 0.0 1.000 0.000

682 1.467 2.55 15.0. 1.176 o.162

726 1.378 2.14 28.7 1.400 0.336

783 1.278 1,55 48.3 1.935 0.660

833 1.200 1.33 55.7 2.260 0.815

868 1.151 1.09 63.7 2.750 1.012

1007 0.995 0.10 96.7 30.000 3.400

1023 0.977 0.00 100.0 0
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TABLE III-A. WMlAY OF DATA FOR SCREENING RUN CCP-7

Catalyst: Code D Fuel: Propane

Hot Spot i/i' x 10 Exit Oxygen 5Oxygen OxygCen in I
Ter._ (T), OK Cone., % Vol. Conversion Oxygen Out

557 1.793 -.185 0.0 1.000 o.ocV

651 1.447 2.215 22.2 1.285 0.251

751 1.288 1.125 60.5 2.530 0.929

776 1.248 1.005 64.6 2.S30 1.041

822 1.216 0.875 69.3 3.260 1.180

8l1 1.189 0.795 72.0 3.580 1.275

TABLE IV-A. SUMMARY OF DATA FOR SCREENING RIJN CCP-9

Catalyst: Code F Fuel: Propane

Hot Spot X/ 103 Exit Oxygen 5Oxygen Oxygen In jOxI

Temp. (T),.. _*K X" Cone., % Vol. Conversion oxygen Out

814 1.230 2.07 0.0 1.000. 0.000

840 1.190 2.05 1.0 1.010 0.093

915 1.092 1.25 39.6 1.654 0.503

920 1.088 0.80 61.5 2.590 0.986

927 1.079 0.57 72.5 3.630 1.290

963 1.039 0.34 83.6 6.090 1.808

967 1.033 O.o4 98.0 51.700 3.940
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TA=I V-A. RU40Y OF DATA F0M SCmMIS Rt CCP-15

Catalyst: Code I Fuel: Propane

Hot Spot 1/T x,0 Exit Oxycen 5Oxyg-en Oxygen In "Z( I2~
Temp. (T), "K K_ Cone., % Vol. Conversion Oxygen ,Oot

585 1.715 3.75 0.0 1.000 0.000

606 1.650 3.65 2.7 1.025 0.024

699 1.430 2.90 22.7 1.292 0.256

769 1.300 2.41 35.7 1.555 0.441

817 1.223 1.93 48.6 1.946 0.665

878 1.140 1.73 54.o 2.175 0.777

930 1,075 1.26 61.5 2.985 1.093

983 1.018 0.57 &.7 6.64 1.894

TABIZ VI-A. SWMARY OF DATA FOR SCREIG RUN CCP-17

Catalyst: Code J Fuel: Propane

Hot Spot Exit Oxygen
Temp. (T) 1/t x 103 Cooc., 5oxgen Oxyge inIn Carbon Dioxideex *K- Vol. Conversion Uxycen Out 7 Cone., % Vol.

616 1.622 3.63 0.0 1.000 0.000 0.000

673 1.487 3.25 10.5 1.117 o.311
700 1.430 3.10 14.6 1.170 0.157 0.040

755 1.324 2.89 20.4 1.256 0.228 0.092

841 1.189 2.3 4  35.5 1.550 0.438 0.175

874 1.144 2.12 41.6 1.711 0.538 0.263

893 1.120 1.93 46.9 1.880 0.631 0.263

933 1.071 1.72 52.6 2.110 0.746

946 1.057 1.6o 55.9 2.270 0.820 o.474

970 1.030 1.42 60.9 2.56o o.964 0.533
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TABLE VI-A. BUzKAaR 0F DATA FOR scR aZO RUN CCP-18 1*
Catalyst: Code K Fuel: Propane

Hot Spot Exit Oxyginm
Temp. (T) 1/r x io3 conc., 5Oxygen Oxygen in 0xIn Carbon Dioxide

_ _V - Vol. Conversion Oxygen WEt Con., % Vol.

722 1.385 3.75 0.0 1.000 0.000 0.000 f

731 1.368 3.29 12.3 1.140 0.131 0.033
V1i3 1.293 3.07 18.1 1.222 0.201 o.066
806 1.24o 2.89 23.0 1.300 o.262 0.079

833 1.200 2.67 28.8 1.403 0.339

871 1.118 2.41 35.7 1.555 0.41o 0.247

915 1.093 2.07 44.8 1.812 0.595 0.369

975 1.026 1.51 59.8 2.482 0.910 0.625

1005 0.995 1.21 67.8 3.1"X 1.132 0.724

1015 0.985 1.21 67.8 3.100 1.132 0.704
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TAMEZ VII-A. SLU24AY OF DATA FOM SCREN3IG RUN CCP-19

Catalyst: Code F Fuelt Propane

Hot Spot Exit Oxygen
Temp. (T) I/T x 103 Conc., % Oxygen Oxygen In Carbon Dioxide

"ex" K"1  % Vol. Conversion 2Rgen out Cone., % Vol.

661 1.512 3.78 0.0 1.000 0.000 0.000

663 1.510 3.49 7.7 1.083 0.060 0.065

657 1.521 3.46 8.5 1.092 0.088 0.066

676 1.479 3.33 11.9 1.136 0.128 0.165

712 1.404 2.97 21.4 1.272 o.241

743 1.347 2.81 25.6 1.345 0.296 0.395

784 1.277 2.30 39.2 1.643 0.497 0.790

825 1.212 1.74 54.0 2.17 0.777

875 1.142 0.90 76.2 4.o20 1.434

892 1.120 0.55 85.5 6.87 1.928 1.610

992 1.oo8 0.22 94.1 17.20 2.847 1.81o

998 1.01 0.21 9o.4. 6.o 2.892

1027 0.975 0.20 94.7 18.90 2.940 1.875
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TAMA ZX-A. SLHAY 07 DATA POR SMU•ZUN RUN CCP-20

Catal~yvt: Cod. B Ntlt ProPem

Hot Spot Exit Oxygen
Tep.(? ftr x io0 %OI. Oxygen OMMr I- Carbon Dioxide

, K-1 % Vol. Conversion Oxygen Out cone.,, % Vol.

5m 1.990 3.74 0.0o 1.000 0.000 0.000

610 1.661 3.65 2.11 1.025 0.025

664 1.508 3.53 5.6 1.059 0.057 0.059

686 1.-58 3.145 7.8 1.064 0.081 0.086

729 1.371 3.15 .15,8 1.188 0.172 0.197

778 1.285 2.86 23.5 1.308 o.269 o.46o

8o0 1.2146 2.51 32.9 1.1490 0.399

a4o 1.190 2.20 41.2 1.700 0.531 0.855

871 1.148 2.00 46.5 1.870 o.626

8.41 1.189 2.32 38.0 1.621 0.478 o.526

816 1.225 2.142 35.3 1.545 o.435 0.559

863 1.160 2.00 46.5 1.870 .0.626 0.889
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TAUX X4A. KOARY 0 DATA FM SC0RW= MX JT-9

Cr.tayet: Cod* r ?hol: J4-7

Hot Spot Exit Oxygen
Temp. (T) 1/T. x 0o3 Coc., % Oxygen 2s 2 o In Carbon Dioxide

ex _., -- - I Vol. Conversion n Out Cone., % Vol.

580 1.722 3.73 0.0 1.000 0.000 0.000

592 1.689 3.70 1.3 1.012 0.012

617 1.620 3.61 3.7 1.040 0.039

641 1.560 3.53 5.9 1.062 0.060

6"1.59 3.45 8.0 1.087 o.o84 0.0o53

711 1.o407 3.29 12.3 1.140 0.131 0.166

744 1.343 3.1.3, 16.5 1.199 0.182 0.263

786 1.271 2.94 21.6 1.2 0.243 o.Ao8

816 1.224 2.76 26.4 1.360 0.308 0.494

859 1.165 2.70 28.0 1.390 0.330 0.592

875 1.1142 2.61 30.4 1.1436 0.362 0.658

19
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TABLE XI-A. SUWARY OF DATA FOR SCREMING RUN CCP-27

Catalyst: (ode X Fuel: Propane

Hot Spot Exit Oxygen
Temp. (T) I/T x 103 Conc ., Oxygen Oxygen In Carbon Dioxide

"o *K- % Vol. Conversion Oxygen Oou uCone. % vol.

640 1.561 3.73 0.0 1.000 0.000 0.000

664 1.508 3.70 0.8 1.008 0.008 0.033

688 1.451 3.67 1.6 1.017 0.017

702 1.424 3.60 3.5 1.037 0.036 0.o46
/

729 1.371 3.52 5.6 1.060 0.058 0.099

731 1.369 3.48 6.7 1.072 0.070

739 1.352 3.43 8.1 1.089 0.085 0.132

770 1.300 3.28 12.1 1.138 0.129 0.224

796 1.256 3.06 18.0 1.220 0.199 0.335

817 1.223 2.90 22.2 1.287 o.254

829 1.208 2.80 24.9 1.332 0.287 0.480

852 1.172 2.60 30.3 1.434 0.360

85•4 1.170 2.59 30.6 1.440 0.365 0.502

875 1.141 2.42 35.2 1.540 0.432 0.658

878 1.140 2.41 35.4 1.548 0.437
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TABLE MII-A. S(MA1Y OF DATA FOR SPACE VELOCITY STUDY, MUM CCP-24

catalyst: Code F Fuel: Propane

Hot Spot Exit Oxygen
Temp. (T) l/T x 1o3 Conc., Oxygen Oxyc In I Carbo Dioxide

a K __K-1 % Vol. Conversion Oxygen Out X- ti Conc.? % Vol.

503 1.988 3.49 0.0 1.000 0.000 0.000

507 1.971 3.42 2.0 1.020 0.020

518 1.930 3.32 4.9 1.050 0.049

544 1.8a0 3.26 6.6 1.070 0.068 0.033

580 1.723 3.15 9.8 1.108 0.103

607 1.648 2.87 17.8 1.217 0.197 0.247

6a7 1.546 2.47 29.2 1.L13 o.346 0.408

6641 1.509 2.24 35.8 1.560 0."'5

721 1.387 1.61 54.1 2.180 0.780 0.987

777 1.288 0.97 72.2 3.600 1.280

799 1.251 0.80 77.1 4.365 1.474 1.670

826 1.210 0.70 80.0 4.990 1.6o8

843 1.187 o.64- 81.6 5.L50 1.697 1.718

854 1.171 0.63 82.0 5.540 1.710

868 1.151 0.53 84.8 6.590 1.885 1.585
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TABLE XII-A. MWARY OF DATA FOR SPACE VELOCITY ST=DY# RUN CCP-22

Catalyst: Code F Fuel: Propane

Hot Spot Exit Oxygen
Temp. (T) l/T x 03 Conc., % Oxygen Oxygen In -jx In,% Carbon Dioxide

*K O_ 1 . Vol. Conversion Oxygen Out- Cone., I Vol.

676 1.480 3.78 0.0 1.000 0.000 0.000

704 1.a21 2.03 .46.3 1.860 0.620 0.296

791 1.262 1.70 55.0 2.220 0.797

869 1.150 0.56 85.3 6.750 1.910 1.612

927 1.080 0.46 87.9 8.22o 2.110

978 1.022 0.42 88.9 9.000 2.200 2.050

101.U 0.989 0.40 89.5 9.450 2.380 1.920

1014 0.985 6o31.- 91.8 12.200 2.500 2.140

TABLE XIV-A. SUMMARY OF DATA FOR SPACE VELOCITY STUDY, MUN CCP-8

Catalyst: Code A Fuel: Propane

,'e,• (*,). " .Cone.t ,Vol. Conversion oxygen Ou• ,xOt

645 1.550 2.92 0.0 1.000 0.000

"667 1.500 2.71 7.4 1.078 0.075

" "730 1.370 2.26 22.6 1.291 0.255

817 1.224 1.60 145.3 1.823 0.621

944 1.06o 0.52 82.2 5.610 1.725

966 1,035 0.38 87.0 7.690 2.0140

979 1.021 0.214 91.8 12.170 2.500

I" 196
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TABIE XV-A. STIARY OF DATA FOR SPACE VEIDCITY ST=DY. RUN CCP-23

Catalyst: Code A Fuel: Propane

Hot Spot Exit Oxygen
Temp. (T) l/T x 103 Conc.p % Oxygen Oxygen In ,DOxyI1n: Carbon Dioxide"X "K- _%_Vol. Conversion Oxygen oWt 'Oxy ot Conc., 5 Vol.

488 2.050 3.70 0.0 1.000 0.000 0.000

586 1.705 3.54 4.3 1.0145 0.0144

641 1.56o 3.22 13.0 1.150 o.14o

697 1.434 2.88 22.2 1.285 0.251 0.447

746 1.340 2.35 36.5 1.573 0.456

809 1.238 1.72 53.5 2.152 0.768 1.U19

946 1.057 0.42 88.7 8.805 2.175

987 1.012 0.19 95.0 19.500 2.972 1.843

1006 0.995 o.11 97.0 33.620 3.515

1014 0.985 0.10 97.4 37.000 3.612 1.875

1018 0.983 0.06 98.5 61.700 4.120 1.850

1026 0.975 0.03 99.2 123.300 4.810 1.816

1029 0.972 0.02 99.5 185.000 5.220 1.940

1052 0.950 0.01 99.8 370.000 5.91 1.700
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TABLE XVI. A SU?4ARY CF DATA FOR LIWJID FUEL RUN JT-2

Catalyst: Code A Fwl: JP-7

Hot Spot Exit Oxygen
TeMp. (T) 1/T x 1o3 Conc., % Oxygen Oxygen In ,x Carbon Dioxide"K __-I % Vol. Conversion Oxygen out • •X-ou-tJ Cc.% Vol.

523 1.910 3.58 0.0 1.000 0.000 0.000

575 1.740 3.45 3.6 1.038 0.037

591 1.690 3.33 7.0 1.07b 0.073

610 1.640 3.15 12.0 1.137 0.128

624 1.602 2.86 20.1 1.252 0.225

640 1.561 2.65 26.0 1.350 0.300

688 1.452 1.83 48.9 1.958 0.671

728 1.373 1.60 55.4 2.240 0.806 1.198

7714 1.292 1.50 58.1 2.390 0.872

832 1.200 1.20 66.5 2.985 1.093

864 1.160 1.10 69.3 3.260 1.180 1.449

876 1.140 1.00 72.0 3.580 1.275

925 1.080 0.80 77.6 4.475 1.500 1.670

"970 1.030 0.55 81.9 6.510 1.873

1019 0.982 0.27 92.5 13.260 2.580 1.870

K 1047 0.955 0.14 96.1 25.600 3.240
II

1057 0.946 0.10 97.2 35.800 3.580 2.04o

1064 0.940 0.09 97.5 39.800 3.680 2.054

1066 0.938 0.09 97.5 39.800 3.680

1068 0.936 0.07 98.0 51.200 3.940 1.996
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TABLE XVII-A. SM44AWY Or DATA FUm Li~3I FmE Ru m-
Catalyt: Code A Fuel: JP-7

Hot spot Exit Oxygen
Temp. (T) 1/T x 103 COMe., %oxygen- Oxygen In 4vIn Carbon Dioxide
___.. _ _____/__ % Vol. Covrsion oxygen Out 7 Cone., %p Vol.

573 1.747 3.58 0.0 1.0 0.000 0.000

631 1.584 3.33 7.0 1.076 0.073 0.165

769 1.300 2.10 41.4 1.703 0.532

788 1.270 1.50 58.1 2.30 0.870

820 1.220 1.20 66.5 2.980 1.092

855 1.170 0.85 76.3 14.210 1.1438

885 1.130 0.68 8i.o 5.270 1.660

913 1.096 0.50 86.0 7.160 1.970 0.987

980 1.020 0.141 88.5 8.730 2.170 1.122

1003 0.996 0.38 89,5 9.430 2.20

1009 0.992 0.28 92.2 12.800 2.550 1.083

1022 0.979 0.20 94.5 17.900 2.880
102z 0.976 0.18 95.0 1.9.900 2.99D 1.042

1030 0.970 0.15 95.8 23.900. 3.170

1039 0.963 0.. 96.9 32.600 3.o80 0.969
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TABLE XVIII-A. SUMMARY OF DATA FM LIQID FUEL RUN JT-5

Catalyst: Code A Fuel: JP-7

Hot Spot Exit Oxygen
Temp. (T) l/r x: 103 cone... % Oxygen Oxygen In ,x n Carbon Dioxide

_ _ -- _V_ % Vol. Conversion Oxygen Out Conc., % Vol.

510 1.960 1.0 0.0 1.000 0.000 0.000

558 1.790 3.88 3.0 1.031 0.036

585 1.710 3.65 8.8 1.096 0.092

604 1.658 3.50 12.5 1.143 0.131s

616 1.621 3.141 i4.8 1.172 0.159

658 1.520 3.22 19.5 1.242 0.217

664 1.508 3.10 22.5 1.290 0.255 0.901

691 1.4148 2A.81 29.0 1.410 0.3414

723 1.381 2.55 36.3 1.570 0.451

744 1.346 2.40 40.0 1.667 0.511 0.920

781 1.280 2.20 45.o 1.720 0.543

803 1.2146 2.05 48.8 1.950 0.669 1.085

850 1.176 1.84 51•.0 2.175 0.778

876 1.i40 1.60 60.0 2.500 0.916

938 1.o66 1.32 67.0 3.030 1.11o

965 l036 1.20 70.0 3.335 1.205

997 1.002 1.08 73.0 3.700 1.310

1007 0.995 1.00 75.0 4.000 1.387 1.83

10414 0.957 0.92 77.0 4.350 1.470

1063 0.9o0 0.75 81.3 5.335 1.673

1072 0.931 0.63 84.3 6.350 1.850
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TABLE XUX-A. SLI4AlY -OF DATA FOR LIQ) UIDLn R~UN JT-6A

Catalystt Code A Fuel: JP-7

Hot Spot Exit Oxygen
Temp. (T) 1/T x 103 cone., % Oxygen Oxygen In-~ !~ Crbon Dioxide
ex_ K_ - % Vol. Conversion Oxygen Out Conc..,, ,• Vol.

546 1.830 2.76 0.0 1.000 0.000 0.000

576 1.735 2.53 8.3 1.090 0.086 0.099

599 1.670 2.49 9.8 1.110 o.lo4

612 1.632 2.4o 13.0 1.150 0.140 0.197

647 1.54+6 2.10 23.9 1.315 0.274

657 1.521 2.00 27.6 1.380 0.322 0.296

699 1.430 1.90 .31.2 1.1452 0.374

735 1.360 1.75 36.6 1.579 0.1457 0.592

756 1.320 1.66 39.9 1.662 0.508

779 1.283 1.60 42.0 1.725 0.545

805 1.241 1.48 46.4 1.866 0.624 0.658

840 1.190 1.30 53.0 2.122 0.754 0.786

850 1.176 1.25 54.8 2.210 0.795 0.942

866 1.15.4 1.20 56.5 2.300 o.834 1.034&

873 1.147 1.18 57.3 2.340 0.850
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TABLE XX-A. UMMARY OF DATA FOR LIQUID FUEL RUN ,T.6B

Catalyst: Code A Fuel: JP-7 .

Hot Spot l/t x 10 Exit Oxygen 5Oxygen Oxygen In~
Temp. (T), 'K ____ Conc., % Vol. Conversion 2Men O -Ox 4 ,y Ou

510 1.960 3.66 0.0 1.000 0.000

725 1.380 2.35 35.8 1.559 0.,4,44 A

752 1.330 2.20 39.9 1.664 0.510

785 1.273 2.00 45.4 1.830 0.605

816 1.223 1.80 50.9 2.033 0.710

850 1.177 1.60 56.3 2.288 0.828

890 1.122 1.40 61.8 2.615 0.960

908 1.100 1.30 64.5 2.815 1.034

934 1.071 1.20 67.2 3.050 1.116

943 1.060 1.19 67.5 1.075 1.123

TABLE XXI-A. 3M4ARY OF DATA FOR LIQUID FUEL RUN JT-7

Catalyst: Code A Fuel: JP-7

Hot Spot Exit Oxygen
Temp. (T) 1/T x 103 Conc., % Oxygen O ,in Aa.I, Carbon Dioxide

6K _ - Vol. Conversion Oxgen Ou xy out Conc., 5 Vol. "

538 1.86o 4.04 0.0 1.000 0.000 0.000

595 1.680 3.50 13.4 1.153 0.14a2

635 1.575 3.00 25.8 1.346 0.297

688 1.452 2.50 38.2 1.617 0.481

723 1.383 1.90 53.0 2.125 0.755

817 1.223 1.10 72.9 3.670 1.300

875 1.142 0.6o 85.2 6.74o 1.910 1.998

923 1.082 0.30 92.6 13.480 2.6oo0

9149 1.053 0.20 95.2 20.200 3.005 2.010

956 1.o46 o.18 95.6 22•.450 3.110 1.922

1006 0.995 o.16 96.1 25.250 3.230 i.96o
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TABLE XXII-A. SVJ4WY OF DATA FOR RUN FI4-lA WITH

EXCESS oXYGEN

Catalyst: Code A Nuel: Propane

Hot Spot Exit Oxygen
Temp. (T) 1/T x 103 Conc., 5 Oxygen f in ýIn• Carbon Dioxide
.o"x O_ Vol. Conversion Oxygen Out Conc., Vol.

542 1.842 20.80 0.00 1.000 0.000 0.000

578 1.730 20.75 1.01 1.002 0.003

628 1.591 20.60 4.t& 1.010 0.01.0 0.053

664 1.508 20.40 8.08 1.020 0.020 0.131

687 1.45$ 20.20 12.12 1.030 0.030

711 1.407 20.00 16.16 1.010 0.o04

78• 1.277 19.40 28.28 1.072 0.070

824 1.213 19.00 36.36 1.094 0.090 1.210

923 1.083 18.00 56.56 1.155 o.144

1005 0.995 17.50 66.66 1.189 0.173

1069 0.935 17.00 76.76 1.223 0.202

2123 0.890 16.40 88.88 1.269 0.238 3.220

2
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TABIE XXIII-A. SMAY OF DATA FOR RtN F11-13 WITHEXCESS COXYGEN

Catalyst: Code A Fuel: Propane

Hot Spot Exit Oxy[,,en
Temp. (T) l/T x 103 Conc., Oxygen Oxyg en In 0xy InN Carbon Dioxide

_K _ _ "I % Vol. Conversion Oxygren Out Conc., % Vol.

559 1.790 20.80 0.00 1.000 0.000 0.000

570 1.752 20.75 1.01 1.002 0.003

591 1.690 20.70 2.02 1.005 0.007

604 1.658 20.60 4.04 1.010 0.010

627 1.593 20.50 6.06 1.015 0.015 0.092

643 1.557 20.40 8.08 1.020 0.020

676 1.479 20.10 14.14 1.033 0.032 0.342

724 1.400 19.60 24.24 1.061 0.059

775 1.290 18.90 38.38 1.100 0.095

857 1.158 17.90 58.58 1.161 0.149

944 1.060 17.00 76.76 1.223 0.202

982 1.019 16.50 86.86 1.26o 0.232

1054 0.950 16.30 90.90 1.276 o.244 2.630

1088 0.920 16.20 92.92 1.283 0.250 2.770
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TA•LE XXIV-A. StWMY OF DATA FOR PROPAIA RUN CCP-26

Catalyst: Code A

Hot Spot Zxit Oxygen
S*. . Vol. Conversion Oxygen ut Conc., % Vol.

583 .75 3.58 0.0 1.000 0.000 0.000

586 1.705 3.48 2.8 1.029 0.029

614 1.630 3.39 5.3 1.056 0.055 0.072
638 1.570 3.22 10.1 1.10 0.

654 1.530 3.09 13.7 1.159 0.14,8

685 1.46o 2.90 19.0 1.235 o.2U 0.434

780 1.280 2.10 41.4 1.705 0.534

84o 1.190 1.60 55.3 2.2o0 0.806

887 1.130 1.10 69.3 3.255 1.180

911 1.098 0.8o 77.7 ,4.475 1.500

954 1.050 0.140 88.8 8.950 2.190

990 1.010 0.22 93.9 16.260 2.790 2.150

1006 0.995 0.18 95.0 19.900 2.990

1027 0.974 0.17 95.3 21.100 3.050 1.860
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TABLE XXV-A. SJWARY OF DATA FOR PROPANE RUN CCP-28

Catalyst: Code A

Hot Spot Exit Oxygen
Temp. (T) l/T x 103 Conc., % Oxygen 2agen In Ia I Carbon Dioxide

"K "K-1  % Vol. Conversion Oxygen Out -oxy out Conc.p I Vol.

573 1.745 3.71 0.0 1.000 0.000 0.000

604 1.657 3.69 0.5 1.005 0.005

616 1.621 3.65 1.6 1.0wf 0.016

628 1.591 3.60 3.0 1.030 0.030

642 1.559 3.55 4.3 1.045 0.0m44

652 1.531 3.50 5.7 1.060 0.058 0.098

674 1.482 3.4o 8.4 1.090 0.086

685 1.460 3.30 11.1 1.122 0.115 0.362

725 1.380 3.00 19.1 1.238 0.214

735 1.36o 2.90 21.8 1.280 0.247 o.428
766 1.304 2.60 29.9 1.428 0.356

798 1.252 2.30 38.0 1.611 0.477

838 1192 1.90 48.8 1.951 0.669 0.889

887 1.1-28 1..40 62.2 2.650 0.975

911 1.097 1.30 65.0 2.855 1.050 1.256

938 1.066 1.00 73.0 3.710 1.310

958 1.o42 0.80 78.5 4.64o 1.533

973 1.028 0.62 81.1 5.990 1.790 1.590

1015 0.985 0.43 88.4 8.630 2.160 1.730

1030 0.970 0.40 89.2 9.270 2.230 1.54o

1078 0.928 o.11• 96.2 26.500 3.280 1.795
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TABEU XXVL-A. S RY OF TON DATA - 60 RR TEST WIT
SMIL.T-5163.0 FUEL

Catalyst: Code A Diluted(l) Space Velocity: 100,000 hrW

OMli Hot Spot it wt
cTt:(2J Not Spot Position(3 ) Bed Press 02 Conc. CO2 Conc.

irs Temp., 9C Inche- , 5 Vol. 5 Vol.

.760 21 1/4 2.78 .13 1.79

14.1 6914 111/ 2 2.84 .12 2.00

7.7 730 n1 3.10 .06 1.84

10.3 724 11 3.21 .05 1.84

14.3 740 11 3/4 3.25 .04 1.

19.0 728 1 3/4 3.54 .05 1.86

21.6 766 9 3.83 .04i 1.67

24.6 70, 12 /1 3.83 .24. 1.39

29.6 785 9 1/2 3.87 .03 2.13

33.5 759 10 3.83 .03 1.55

36.9'79 97/8 3.83 .03 1.76

140.9 769 n 1 /8 3.83 .03 L64

145.2 758 103/4 3.83 .1. 1.70

""49.2 759 1n 3.83 .o0 1.83
,53.4 76 2.12 /4 3.85 .02 1.84

57.4 759 101/2 3.83 .2 1.79

62.3 767 10•1• 3.83 .01 1.79

(1 -1 volme catalyst + 2 volues Inert ceramc.

(2 Testbours, see Table V
({3) Manred fr tip of thermefl; catalyst zone 4 •.1" to 1.60.
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TABLE XXVII-A. JIAY OF DATA FOR ACTIVITY TEST PRIOR
TO 60-Hou1 RUN

Catalyst: Code A3  Ftel: Propane

SV: 32,000 hr-l Mixture: Stoichicmetric

Hot Spot 02 Exit CO2 Exit
Temt, (T) l/T x 103 Conc. % Oxygen (02 i * I oc

K K3 %Vol. Conversion 7 Ot ln) 02K Ot C-ole.

940 1.064 .49 87.5 7.65 2.01.

91. 1.09' 1.34 64.3 2.80 1.03 1.20

983 1.017 .39 89.6 9.62 2.26 1.32

1061 .942 .09 97.6 40.3 3.70 1.64

1073 .932 .20 94.5 18.25 2.90 1.32

1063 .941 .05 9tU.6 76.2 4.33 -

1053 .950 .12 96.8 31.22 3.14 1.76

TABLE XXVnI-A. ,UJKARY OF DATA FO ACTIVITY TEST PRIOR

To 60-HOU R uN

Catalyst: Code A3  Fuel: Propane

SV: 50,000 hr"1 Mixture: Stoichicmetric

Hot spot 02 Exit C02 Exit
Temp. (T) ITx13 Conc. % Oxygen in~ 3ln(02 inl Conc.K .. .. Vol. Conversion 02 - ou 1,ut" % Vol.

645 1.550 3.39 9.6 1.11 .104 .03

739 1.353 2.87 23.4 1.31 .270 -

814 1.228 2.36 37.0 1.59 .399 .52

863 1.159 1.80 52.0 2.08 °732

992 1.008 1.29 65.6 2.90 1.065 1.18

1071 0.935 .11 97.1 34.9 3.554 1.84

ni.. a..ixture ith inert ceramic; 1 volume catalst + 2 volumes ceramic.
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TAMA rXDC-A. 8IMIAlY OF DATA PM ACTITT • ST
PoLuMw 6o UR Mm

Catalyst: Code PP Ftel: Propan

SV: 32,000 br1 Mixturet Stoichimetric

uot spot 02 Exit Cos Et
.(T) 1/Tx 103 Conce Ox.ygen f C.2i cn
K [Vat~le Conversion ou Vol,

701 1.1.28 2.93 20.6 1.26 .207 .26,

805 1.2143 1.9I. )7.5 1.91 .61l7 .63

896 1.26 1.865.I 2.89 1.of1 .1.02

976 1.025 .58 84.3 6.61 1.888 1.21

10 .999 .2 9%..0 15.1 2.733 -

1033 .967 .06 98.5 61.7 1.12 1.58

1.068 .936 .02 99.1. 185 5.22 1.26

TABLE X-A* SU?44ARY OF DATA FCB ACTIVITY TEST
FOLLuOmIN 6o-.am mRm

Catalyst: Code AP Fuel: Propane

SV: 50,000 hr" Mixture: Stoichicatric

*Hot pot 02 Exit C02 Exit
(T) l/T 103 e c. % oxygen n.Vol. Conversion % 2_ _ I t Vol.

693 1.442 3.16 10 1.11 .101 ".i

* 729 1.371 3.02 13 1.16 .1487

789 1.266 2.19 29 1.1.05 .34M 1.26

831.159 1.541 1.795 .8

935 1.07 1.15 59 2.41 .880

998 1.002 1.07 70 3.27 1.263

1061 .9142 .34. 90 10.3 2.338

1087 .921 .32 91 10.93 2.395

inI adaixture with inert ceramic; I vobm catalyst + 2 volumest ceramic.
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TABLE XXXI-A. SUOMARY 07 DATA FOR ACrIVITY TEST FOLWOWINO
RZGATION AFTER 60-HOUR RUN

Catalyst: Code A Fuel: Propane

SV: 50,000 hr-1  Mixture: Stoichicmetric

Hot Spot 0 Ex•it coa2 it
Temp. (T) 1/T x 103 Cone. % Oxygen 2Zj inConc.
...... _ "K-I % Vol. Conversion 0 ou% Vol.

873 1.145 2.10 40 1.67 .513 .53

936 1.068 1.09 57 2.34 .851 .7'

1023 .978 .92 74 3.79 1.334 .89

1016 .956 .81 77 4.36 L473 1.25

1066 *.938 .60 83 5.8 1.762 1.07

1069 .935 .49 86 7.12 1.965 1.16

in admixture with inert ceramic; 1 volume catalyst + 2 volumes ceramic
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TA=X xanCI-A. WM(ARY CW. ,4TA FRMPWM "O US=N
CATALYST A(t) AN A ST0IQ"IGRIC HIM=X 1
OFr 0WC'(N AND JP,,

BY: 100,000 hbr 1

Ho Spt it 02 Oxygen %Theoret.
Mr) 1/Tx 103 Coni. Cony. 2=n In CO2, Basis

K 1.. ,VolL. . o

676 1.479 3.16 12.5 1.19 0.174 >100

813 1,230 2.29 36 1.64 0.496 >100

821 1.208 0.39 89 9.64 2.266 46

867 1.153 1.88 99.5 188 .5.236 57

901 1.3.10 1.54 57 2.44 0.897 99

989 1.011 0.62. 83 6.06 1.802 94

1034 o.967 0.21 94 17.90 2.885 79

1042 0.960 0.01 99.9 376 5.930 74

(1) Diluted, 1 volume of Catalyst A + 2 volumes of inert ceramic.
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TABLE XXIII-A. PROPERTIES OF JET FUELS

Typical Mil-T-516i G (aP-4)Fuel JP-7 3-;-OV 4-6

Gravi. hyp "API 45.6 55.3 55.1

W.ter separometer index, modified 98 100 100

Viscosity at -30*F. CS U.73 1.82 1.78

Color +30 - -

Freezing point, eF -66 -68.8 -68.8

Existent gum, mg/100 ml 0.0 0.6 5.4

Potential gum, mg/100 ml - 1.4 6.4

Aniline point, *F 157.0 -

Aniline gravity constant or B.T.U. 7159

Lovibond number 78 - -

Aromatics, % 2.3 24.6 24.9

Olefins, 5 3.4 1.6 1.5

Flash point, *F 153 - -

Thermal stability, tube deposit code #1 1tm I

Thermal stabili'.y, pressure drop, inch Hg 0.2 0 0.0

Distillation, OF: IBP 392 159 168
10% evaporated 413 188 196
20% evaporated 41.6 205 221
50% evaporated 423 241 243
90% evaporated 442 353 354
EP 472 442 420

Recovery, 5 98.0 97.5 98.0
Residue, 5 1.0 1.0 1.0
Loss, 5 1.0 1.5 1.0

Total sulfur, weight % - 0.166 0.155

Mercaptan sulfur, weight o - 0.0006 0.0006

Btatch identification code of Ashland Oil and Refining Coampany,

Ashland, Kentucky.

='Preheater rating. (Table Continued)

217

S. . . .. . . . . . . . q r- . . . . . . . . . . .. . .. . . . . . .



SA3 XMil-A. PROPERTIES OF JET lUZLS (continued)

Typical Mil-T-3161 G (JP-4)

Fuel ,J-7 3-692-(CO" "o-6

Reid vapor pressure at 100'F, psi - 2.9 2.78

Net heat of combustion. BTU/lb- 18,551 18,717

soke point, m - 23 21

Copper strip corrosion Sla

Water reaction - 1 1

Anti-icing additive: Top, volume % 0.li9 0.123
Middle, " - 0.145 0.120
Bottca, - 0.135 0.122
cOeposite, " - 0.143 0.122

Metal deactivator, lb/1000 bbl - 2 2

Antioxidant, lb/10(X bbl - 8 8

aNItch identificii tion code of Ashland Oil and Refining Compa.,
Ashland, Kentucky.
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APPENlDIX B

KINETIC INTERPRPTATION OF CATALYTIC COMBUSTION DATA

The rates of processes occurring in plug flow reactors frequently reflect
the law of mass action; that is, they show a dependency on the concentration
of one or more of the reactants. If the overall rate is directly proportional
to the concentration of a reactant, the reaction process is described as frst-
order and, assuming constant volume, the following relationship obtains:(

KV - In where

K a reat;'ion rate constant

- Ae "•/

V a volume of the reaction zone

Q - volumetric flow rate of reactants

L'AOxA - l - c =one traono

CA - outlet concentration of species A

CAO - entering concentration of species A

T a absolute temperature in reaction zone

B a E--R

S a energy of activation for reaction

R a gas constant

A - frequency factor, a system constant

By substitution of Ae B/T for K and 1-CA/CAO for XA and taking the logarithm
we have

lnVA B = n[1r4- 02 in\..

* \ out)

/02 'in%Bence, aplot of ln lnI vs yields a straight line with a slope
of -B. -Ouy T

If, on the other hand, the overall rate is directly proportional to the
concentration of each of two reactants, or to the second power of the con-
centration of one reactant, the reaction is said to be second order. The
following expression obtains: (1)

CA0KV XA from which by mibstitution for XA
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CA

0 CA and by substitution of A* for K

CAo VA B/T CAO

and by tekinrg the logarithmx

(LAOVA B I CAOin -i T CA

ftn(in%

Sence, a plot of in-4.s yields a straight line with slope of

-B. Especially when processes occur through a succession of steps, it is
normal to find a fractional-order relationship governing the overall process,
i.e. the reaction order is not exactly 0.0 or 1.0 or 2.0, but somewhere in
between.

Incpection of the plots indicated above shows if the overall reaction
adheres to first or second order kinetics. In cases where stoichiometric
mixtures of reactants are used, the initial and final concentration of either
reactant can be used. In the present experimental program, the exit gas
volume is only slightly greater than the entrance volume, and the error intro-
duced by this deviation from constant volume conditions is negligible.

Certain reactions involving two reactants have been found to proceed at
rates governed entirely by the concentration of one of the reactants, in which
case the rate is said to be zero-order with respect to the other reactant.
Such is known to be the case with the catalytic vapor phase oxidation of pro-
pane1 where the rate is essentially zero-order with respect to ox•,gen concen-
tration.

1. tavenspiel, Chemical Reaction Engineering ppP 48-50, John Wiley and Sams,
New York, 1952

Aq
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APPENDIX C

METH0D OF CALCULATING REACTION RATE CONSTANTS

The reaction rate constant is obtained from the rate equation (Appendix B):

and the Arrhenius equation:

X - Ae"B/T

where all the symbols are defined as in Appendix B. The value of constant
K varies according to the terms and conditions used to define the volumetric
flow of reactants. For example, these flows can be given at standard condi-
tions or at the conditions existing in the reactor. In this experimental
program, the flow of reactants measured at 14.7 psia and 22"C (295*K) is the
standard basis for space velocity (SV). By definition, SV - . Therefore,
under these standardized conditions:

JdCAo N
K - By

For systems involving stoichiometric mixtures of two reactants, concentration
measurements on either reactant are sufficient for determination of the rate
constant.

It can be informative to calculate reaction rate constants using volu-
metric flow rates (Q) representing actual conditions in the reaction zone. In
a series of runs made at different pressures, for example, the effect of
"changes in reaction pressure on the ratp constant can be evaluated. Thus, if
PR and TR represent the actual reaction pressure and temperature, and PS and
TS represent the standard conditions on which space velocity is based:

R S /0 in_ N
KRi SV n -02 ut)

Example:

" Run No. JT- 6A

SV 150,000 hr
TR 6ooc - 873*KPR 29.12 psia
02 in 2.76%
02 out 1.18%

K = 15, 1873 14.7 I .T6

KR 190,800 hre or 53 sec-1

42&

I

Il



/I

APPENDIX D

WATER RI}¶OVAL SM¶JIE

SU44AIES OF TEST DATA

t

22



TABLE I-D. SUNKARY OF !EST DATA FOR CaSO4

Temperature - 4O1C

Volume Space
of Gas Velocity~a) Water Pickup, 100 x Wt Gain Wt Agent Efficiency
(liters) (hr-1) U-tube.#1 U-tube #2, -Tube #3

43.6 5700 3.29 0.03 zero 20

150.4 5700 8.52 1.61 O.16 20

222.6 5700 10.142 4.32 0.23 20

265.2 5700 11.29 5.81 0.73 20

317.2 5700 11.94 6.87 2.01 70

365.6 5700 12.18 7.81 3.42 400

388.8 5700 12.29 8.21 4.23 1000

(a) Volume of gas through each tube : bulk volume of agent in tube.

TABLE II-D. * 4AY OF TEST DATA FOR CaM04

Volume Space
of Gas Velocity(&) Water Pickup, 100 x Wt Gain I Wt A&ent Efficiency
(liters) (h--l) U-Tube # 1 U-Tube #2 U-Tube #3 (IPM)

?inper~ature -100%C

49.1 5700 2.83 0.56 0.35 9,500 ave
130.6 5700 2.05 0.25 0.38 31,000 ave

"Temperatue - 9ýC
2.3 25 0.91 0.06 o.8 860

2,.0 1200 2.16 1.20 0.86 3,960 ave

(a) Volume of gas throug•h each tube bulk vole of agent in tube.
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TABLE IZI-Do SLMARY OF TEST DATA FOR C&CI2

Temperature w 100C

Volume Space
of Gas Velocity(a) Water Pickup) 100 x Wt Gain _ Wt Agent Efficiency

(liters) (hr-1) U-Tube #1 U-Tube #2 U-Tube #3 (Ppm) .

99.2 5700 3.26 0.31 0.06 16,700

255 5700 6.73 1.89 0.30 18,000

339 5700 7.76 3.80 0.59 18,000

483 5700 9.78 5.48 2.73

615 5700 11.33 5.96 4.57

865 5700 14.18 7.99 5.16 20,.o00

(a) Volume of gas through each tube . bulk volume of agent in tube.
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Area 6-Solid CaCI,.4H20 + qAturated Solution

140 - Area 7-Solid CaCI,.6HO + Saturated Solution
1.1 IArea 8-Homogeneous Brine
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FIzJ,. 5-D. CALCIUM CHMORIDE M DIAQAMa

JIG" Conditioning Fact Book, p. 279p, The Dow Chemical Ccmpeny,
Midland,, Michigan, 1962.
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APPEIDIX E

CALCUIATION OF HEAT AND MATERIAL BAIAXICE
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APPENDIX E

CALCULATION OF HEAT AND MXTERIAL BALANCE

SST Flight Plan No. 1

Average Conditions

The following calculations are based on the dat-t and assumptions stated
in Section V 6 i. Reference is made to the flow diagram appearing in
Figure 36.

1. Molbr volume at assumed conditions

Pi - 5.03 psia

T, - 200OF - 66O'R

14 .72... 660 1,io7 t 3/lb-mole
492 5.03t

2. Amount of air required to supply 1,000 ft /min dry ballast gas at
above conditions

31,000 x 1.0811 - 1,081 ft /min air

1,081 " 1,407 - 0.768 lb-moles/mmn air

0.768 x 28.9 - 22.21 lb/mmn air

3. Amount of water formed

1,081 ft 3/min 0.211 mole~ q2 18 lb B20

02 11.407 ft3 1.4 mole

S2.08 lb/mmn water

4. Amount of heat removed by the air during its preheating in H.E. No. 1 and
in the reactor jacket

at 600oF, h600 - 142 BTU/#

at 1,112'F, h1112 = 276 BTU/#

RAIR - (0U2" h6o) x WA

- (2T6 -14 2) x22M2 u2p9W0BTU/min
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5. Maximum amount of heqt that can be removed by the fuel (allowing all the

fuel to reach COO'F)

at 300OF, h3O ft 140 BTU/lb fuel

at 600°F, h6 00 = 351

a) engine at cruise operating conditions

QF-cruise - (351 - 140) x 712 = 150,000 BTU/min

b) engine at idle operating conditions

qF-idie = (351 - 140) x l40 - 29,5o0 BTU/min

6. Amount of fuel to use for combustion

Reaction: 1.65 C9 H2 0 + 21 02 + 79 N2 -- 79 N2 + 13.5 COP + 15 H2 0 + 0.15 C9 H2 0

(or 1.65 C 9 2 0 + 100 Air)

22.21 x (1.65 x 128) = 1.623 lb/min fuel

26.9 x 100

0 0.2144 gpm at 60"F

- 0.278 gpm at 300•F

- 0.331 gpm at 600*F

7. Molar quantities

No. of moles of fuel used - 1.623/128 = 0.01266 moles/min

No. of moles of air used = 22.21 /28.9 = 0.766

No. of moles of 02 used 0.21 x 0.768 - 0.1614

No. of moles of N2 used 0.79 x 0.768 = 0.607

Total flow of air-fuel mixture = 0.781 moles/min

- 23.83 lb/min
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8., WeightR and volumes of components in the air-fuel mixture and the moist
ballast gas (see reaction in 6.)

a.. Incoming air-fuel mixture:

Comp. No. moles Mol. Wt. No. x A.W. Wt. % Vol. % Wt. actually used

C020 1.65 128 211.2 6.82 1.62 1.62 lb/m,,

-02 21 32 672 21.71 20.66 5.18

N2  ,79 28 2212 71.47 77.72 17.03 "

101.6 3095 100.00 100.00 2!.83

b. Leaving moist ballast gas:

N2 79 28 2212 71.T47 73.39 17.03 lb/min

Co2 ' 13.5 44 594 19.19 12.- 4.57T

R20 15 18 270 8.72 13.93 2.08

cP29 o 0.15 128 19 0.62 0.14 0.15

107.6 3095 100.00 100.00 23.83

c. Some relationships:

Weight ratios: 02 1 Air 0.233 lb 02 /1b Air

02 - V2 0.304 lb I2 /1b N2

"'Molar" volume increase ratios due to reaction, etc:

Incomng mixture 101.6 o6* 0. =1.016
Incoming air I00

Moist ballast gas 107.6 =.076
* Incoming air 100

Moist ballast gas 107.6
"* Incoming air-fuel mixture =

9. Preparation of the air-fuel mixture

a. Heat Content of the Mixture (assume fuel is li3uid):

Sensible heat in liquid fuel at 600F = 351 JTU/#

Sensible heat in air at 1,112F * 276 BTU/#

Q wHeat content of mixture WF x hF,600 . WAIe X hAIR, 1112

1.623 x 351 + 22.2 x 276 6,700 BTU/min
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b. Required Heat Content of the Mixture with Vaporize4 Fuel

heat of vaporization of fuel at 600F - XF,600 * 100 MIU/#

QRM - QM 4 WF x IF,600 e 6,700 4 1.623 x 100 = 6^860 BTU/mln

c. Assume the desired mixture temperature = 932"F

Sensible heat in liquid fuel at 600"F 351 BTU`/#

Heat of vaporization = 100

ASensible heat in fuel vapor, 600 to 932"F. a 232 "

Heat content of fuel vapor at 932"F a M3- BTU/#

Sensible heat in air at 932*F 226 BTU/#

Hcat content of the mixture at 932"F

683 x 1.623 + 226 x 22.2

Q932 = 6,13o BTu/min

Change in heat content = Q932 - QM

6,130- 6,700

ih - - �70 BTU/min ... excess heat

d. Assume the desired mixture temperature= l,112*F (600*C)

By similar calculation:

Heat to add - RIM2- " 4

a 7,490- 6,700 ,790 RTU/min

The power requirements for uaking up this dcficit by resistance beaters:

Electric power = (BTU/min) x 60 Kw

790 x 60. 14 Kw

e. Temperature of the mixture without additional heat, (that is, with the
total heat content = QM).

By trial and error we find: t = l,012 "F 5h4.4c which is suffi-
cient to initiate the reaction.
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10. Heat evolved in catalytic combustion

AHr for JP-7 - 18,750 BO/#

for 100% conversion: AHrT a 1.623 x Z x 18,750 * 27,670 BTU/min.

11. Heat content of gas leaving reactor bed

temperature = 725"C - 1337"F

h water vapor - 1,711 BTU/# '20 vapor - 2.08 Ib/min

h gas = 335 " WDRy X = 21.75

Q10337 a 2.075 x 1,711 + 21.75 x 335

a 10,850 BTU/min

12. Amount of heat to be removed in the reactor bed

QR - Enthalpy of air-fuel mixture entering reactor (QM)

+ Heat evolved in catalytic combustion (HrT)

- Enthalpy of moist gas leaving reactor bed at 1,337 (Q1 ,33 7 )

= 6,700 + 27,670 - 10,850

2 23,520 BTU/min

13. Heat exchange capacity of available cooling water

As rer calculations for cooling in H.E. No. 3 and the gas drier
(16, 17 and 18) the amt. of available cooling water and its conditions
are:

. WH2 -2T lb/mn

t - 200.5 °F

"h - 168.6 BTU/#

If it is assumed that this cooling water leaves as saturated steam at
212*F with h212 a 1,150.4 BTU/#the amount of heat that can be removed is:

Q20o- W"Io (h12 -h .5)

- 27 x (1,150.4 - 168.6)

- 26,510 •TU/min
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In these conditions the moist gas wojld leave with

QW.B.G. = QM + LYrT - q1,0O

- 6,700 + 27,670 - 26,510

= 7,860 BU/min

This heat content corresponds to a temperature of 905"F , where

h water vapor . 1,484.8 BTU/# . 2.08 x 1,484.8 -3,090 BTU/mi.i

h gas = 219.4 " . 21.75 x 219.4 =4,770

7,860 BTU/min

Note: Thus, there is an excess of cooling water capacity for the
combustor. In order to leave sufficient heat in the exit gases
to preheat the combustion air to 112"F (see below), a motorized
valve is used to dump the excess water.

14. Preheatinr of air

Achieved in reactor Jacket and HE No. 1 (later calculations may
show that jacket surface is sufficient, or that the jacket heat
transfer is negligible),

Air out j Air in
W = 2•.21 # mn W "- .21 #/min
t - 1,:II2*F t - 6000
h = 276 BTU/# F 0' h = 142 BTU/#

Reactor Jacket
Reaction fuel out and IS No. 1I Reaction fuel in
4Fj = 1.623 #/min WFR = 1.623 #/.min
t = 600OF t = 350"F
h - 351 BTU/#7 h 170 Bruf/#

Moist Ballast Gas in Moist Ballast Gas out
W - 23.53#/rrin |W v 23,03f/minýw.B.G. in =10,850 BTU/r=i QW.B.G. out - ?

t -1337O

QAIR = heat removed by air = (hAiR our - hAIR IN) x WAIR

- (276 - 142) x 2221

" 2,980 BTU/min

;FR= heat removed cy inerting fuel a WFR (hFR OUT - hFR IN)

- 1.623 x (351 - 17c)

S294 BTU/min
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QW.B.G. oT,- QW'3G, IN - (AIR + Q•)

- 10,&.45 - (P, 50W+ 2Q4)
" 7,575 BTU/min

15. Cooling with fuel

Fuel out Fuel In
t ascumed - 350"F t - 300-F
h 170 BTU/# h - 14o Bru/#

HE No. 2

Moist B.G. in bMoist Ballast Gns out
WW.G 1 23.83 #/mi ~2.3T~ n

.. G. 'a 23,83 #/lmin WW.B. G. . -"n
Q- 7,575 BTU/min QWBG = ?

t assumed a- 340OF
h2o -=1,211.7 BTU/#
hDr . 75.2 BTU/#f'ý'.b #/rin

The maximum amount of heat that can be. removed by the fuel (if allowed to
reach 600"F) is 351-140 = 211 BTU/Ib for the total flow of fuel to the engines.
Only part of this flow wvll be needed. We can assume an exit temperature for
the fuel and calculate the required quantity.

tTJEL OUT 350 'F

hrajz ouT a 170 HrU/!b.

We have also to assume the exit temperature of the moist ballast gas. Since
the fuel enters at 3000F, the ballast gas may reasonably leave st 340'F. Thus,
the heat to be removed from the ballast gas is:

h2 - QW.B.•G. IN -[(wH 0 x ho 0 , 3 4 + (NWB - WH0 ) x hDry B.G., 340)]

"-7,575 - (2.08 x 1,211.7 + 21.75 x 75.2)

-7,575 - 4150 = 3,425 BTU/min

And the amount of fuel required is:

AhBE2

Wel- 1 #140
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If'. Coollirq; with -..'itpr nn! pnrtlini onle-t~on

t 3IO" -F 1,5-F I~

Fo auntb i10Fts ~trcnet orG tIe exit-gsisne. PP z .01P.32 # -

P.~ t0e # /mou n oncc.Jerýj F120.#er ts

Dry 0G 100o ."Dry 1%3 ' I 0 1.5 x1.

'-WB, 30 =L,15 BT/ni 372 ,-D l~Jzic s 1 F 7

vapor~~~~~~~B, 100 = ?f2 ,~Xh~ , .1 ,0.

,Irorm 3720 +1,039 - 1,4 =1.1 3 BT!J/rn

Heatrerr. e in,10 1 No. 3GxhF!,1 - 21..r x 7.

- 3762 BTU/n~in

AnFoun vaor, 100e - WH20 va.10x HE3p 10-09L1".

'4CO- -F20,,165

- 18. #1min

(4sBG -372 1,039 - 1, 1. T/mn



17. Gas Drip:-

Assumed all water removed. As mentioned before, the heat of watp
adeorptPonaHrA - 1,500 BTU/# includes the heat of condeneation hfg - 1,0',0
BTU/#. Since the heat content of saturated ballast gas qS includes the
latent heat of vaporization, the net heat of absorption has to be used in
the calculations, thus:

"HrA,NKT- 1,500-1,050 4 I50 BTU/#

Wter in iater outt a 65'FI t a160'F
h -33 BrUI# h - 148 B'ul#

S...... ... O Gas Drier• D•,

Saturated BG in rA, Nn 450 BTUr# ballast gas out
t - 10F t 200'F
WDjy BG - 21.75 #1/m hDRY DG, 200 a 39-5 B'rU/#
WHo yap 0 0.94 #lmn WDRy B/ 2-m75 mlmn
QSBG, 100 1,411 BTU/min

QIN - QSBG, 100 + WHO vap x M.rA, NET

.- ,1 411 + 0.9 4 x 4 50

- 1,834 BTU/mmn

QOT DRy BO, po WDRy DO x lIDHy DO, 200

w 21.75 x 39.5 - 859 BTU/min

AQGAS DRYER -QIN "- UT - 1834-859 - 975 BTU/mln.

Amount of water a AQGAS DRYER
ShH 0 , 180- hH20, 65

S148 - 33

a8.5 lb/min

18. Total cooling water required

Combine the amount used in HE #3 and the gas drier, plus any addi-
tional that may be necessary for the reactor cooling.

"WlE 3 + WGAS DRYER 18 .5 + 8.5 27 ib/min

Average beat content a "HE 3 x h210 + WGAS DRYER x h 180
WHE 3 + WGAS DRYER

S18.5 x 178 + 8.5 x148S• 185 + b.5 27
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Thin corresponds to average wvter temperature of VOO.5*F.

The above Pinount of wnter at th. resulting terpernturý. isr more than
c-ufficient to perform the required heat zemoval in the catnly:t Led. It
should be noted tant the water condensed in HE 3 is available also.

i4
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APPENDIX F

DESIGN MCA~UIAaIONS, EqUIPMENT FOR

SST FL!(HT PLAN NO~. 1
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APPENDIX F

DESIGN CALCUIATIOrS, EquIPMXNT FOR
SST FLIGHT MLAM NO. 1

I. Pipes for Preheated Air and Fuel

These are sized to handle flows during the normal descent period.

A. Air Pipe

WAIh - 0.8615 ib-mole/min. - 24.9 lb/mim. ,494 lb/hr.

t= l,112*F

p - 47.3 pig (..P -62 psia)

VAIR - (272 ft 3 /lb-mole) x 0.8615 lb-mole/mn. = 234.3 cfm

/OAIR 0.1063 lb/ft 3

/AIR - 0.039 centipoises - 0.0000262 b/ft. ec.

Using stainless steel tubing, 2 3/8" OD and 0.065", wall thickness
we get (from charts and nomographs in "Flow of Fluids" published by the
Crane Company):

t- - average velocity - 9,500 ft/min 160 ft/sec.

Re - Reynolds number a 105,000

f * Moody's friction factor = 0.0213

A PIoo - pressure drop per 100 ft. pipe length - 2.7 psi

wp - weight of pipe = 1.61 lb/ft.

"Consequently, as per Fig•:re F-1 and the distance from HE 1, the 10 ft. of
a ,tubing weigh 16.1 lb. and the equivalent length (2 tees) is 40 ft. giving"a pressure loss of (40 x 2.7) f 100 - 1.1 psi.

The tubing to supply the air to the vaporization chamber will be
13/16" OD, with 0.03"wall thickness and weighing 0.4 lb/ft, while the pressure
drop is A P1r0 1 .O psi. Its length is about 4 ft, weight is 1.6 lb. and
the equivalent-length (reducing tee and bend) is 10 ft, giving a pressure loss
of 0.1 psi.

jWeight air lines - 17.7 lbs.
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B. Fuel Pipe°..']

F"r0.3A1/e 6 Paoo 0

a0d W1 5 00 l/t We e 8t.oi s 1. b,

Thus th ,eght.f te sppl piin ii 177,11*05 93l

Weigh aLupylns 93ls

Figure F-a. Air and Fuel Feed System

B. Fize a Pipe

For 0.371 gpm, usind 1/8 inch schedule 5 pipe: A Pfe 0 ( 0.3 psi
and Wp 1 .. 12 lb/fm. We need 8 ft. of tubing, rts weight is a.e lb, the
equivalent ength is 10 ft b and the pressure toss 0.0 p psit

wi husi thm be ei d ( upply pin is 17.7 + 1.1 2 0i5a25 i 19.3 lbs.

SWeight alU suply lines •19.3 lbs. '

Il. Vaporization and Mixing Chamber

A. Size and W/eight

The chape adsi andlre e design queanglty of fuel (0.3t o hm
1.82 lb/aitn) and all the air the nozzle requires. The remainder of air Is

routed to the jacket of the pipe leading from vaporization cham~ber to

reactor. The chamber must be able to withstand the highest, pressure at
which air ma be delivered (14.7 x 15 •220 ptsia Z 205 psig).

The shape and size are governed by the a~ngle and length of the

spray projection cone, and the desire to minimize the pressure drop.

XAdded for fittings (extra weight over straight pipe).
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For spray nozzle choice:

Fuel rate 0. 371 x 60 a 22.24 gph

Air rate 0 0.8615 x 359 a 309 scfm

Available air pressure w 46.9 peig

The design will be based on commercially available nozzles; hoever,
especlally designed two-fluid pneumatic spray nozzles are possible. For a
round spray pattern cone and above fuel rate, the spray cone angle is 20O
and the length of the laminar type spray projection cone is 39".

The air capacity of the nozzle is 6 scfm; !."equently, the bulk
of the required air bypasses the chamber.

In order to minimize the pressure drop, the downstream end of the
vaporization chamber is shaped as a convergent cone with a 30O angle (based
on design of a venturi). It is estimated that the pressure loss across the
entire vaporization set-up (that is, including the nozzle) will be 20% of
the pressure in the supply line, namely 9.38 psi.

The length and width are determined trigonometrically.

The thick1ess of the chesber is based on the highest possible
pressure (220 psia) and temperature (100OF), using a tensile stress of
10,400 psi for Type 316 SS.

t PD 02 1.16"

Therefore, use 3/16" thick sheet.

The weight of the chamber is:

Lateral area cones x t x lb/inch3 = Weight

R R- D (7-1 + lb.157 x 3/16 x 0.290

-91 lb.

Weight of chamber 91 lbs.
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B. Outlet Pipe

Decigned to carry the air and fuel vapor. In order to minimize
the possibility of explosion, the mixture from the chamber (which is fuel-
rich) travels in the inner tube while the rest of th- "Ir travels separately
in the jacket space. To :o2,.Linue heatizig the mixture while on its way to
the re-ctor, the inner tube is provided with external longitudinal fins, as
in Figure F-2.

•2.4'o6 0o06s' L

2A.. . __r_ 1 2,.

SI.--J. A._ ] o,..2,I o S S ;,

2 ~ 0Aj,'OOir--6

I24 ),0i
D4  0 L)

Figure F-2. Zranaverse Section, Outlet Pipe

For preheating the air and the system at the start of flight, resistance
heating elements are placed inside the jacket space where the bulk of the flow
takes place. No elements are placed in the inner tube because pressure drop
here is more critical, due to the loss taken in the nozzle and vaporization
chamber.

1. Pressure Drop in the Annular Space

PV a Wetted perimeter

a "r(2.12 + 1.25 + 24 x 0.13) + 8 x 0.375

S 38-01" 17-ft

2'49



Aa cross-section annular space

ir Di + 2'2b+2

--2.122 5.2•2035x
Sx 2 + 24 x 0.375 x 0.035 + 214 ,

- 1.70 inch2 
- 0.0118 ft 2

49 equivalent diameter

de 4 x A

4 x o.=8I.

3.17

. 0.0,49 ft

Ga - mass velocity in annulus

Ga m W (Ibh, r)
Aa (fte)

.(24. -o.48) 60
0.0.116 '

. 124,ooo mI(b) (ft 2 )

Re - Reynolds number

R de (ft) x Ga
-. 1• xa(cenzipoises)

0*0149. x 12oo*.
2.42 x 0.039

f = friction factor

a 0.000235(1)

p a pressure loss

L - length of pipe =2.89 ft.

Oa viscosity ratio - (PI/,$)°'4O - 1.2
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s a specific gravity - 0.00129

f Ga2 L
5.22 x IOIo x de (ft) X s x Oa

0.0002-5 x (2L•,0o0) 2 x 2.89
"5.22 x 1010 x 0.0149 x 0.00129 x 1.2

- 8.66 psi

Pressure drop in annular space - 8.66 psi

2. Pressure Drop in the Inner Tube

The fuel-rich mixture from the vaporization chamber contains
0.48 lb/mtn a 29 lb/hr air and 1.82 lb/min , fO lb/hr JP-7. Thus, for the
mixture

W = 139 lb/hr

V - 2.833 ft 3/lb

e - 0.353 lb/ft3

j= 0.0241 centipoises

Using a lI" OD 316-SS tubing vith 0.016" vall thickness, 1.218"
ID (and 24 fins on the outside) the pressure loss is 0.3 psI/100 ft, hence
in the 2.89 feet of pipe the loss will be 0.01 psi, or negligible.

Pressure drop in inner tube N negligiblej

Thus, both the fuel-rich mixture and the air reach the
combustor inlet at 37.5 psug (52.2 psia).

Pressure at combustor inlet - 37.5 psig
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3. Weight of Tubing

1j" O(D tubing: 0.8 lb/ft 2.3 lb.

fins: 1.05 lb/ft (for 24 f ins) 3.0 lb.

2-w OD tubing: 1.6 lb/ft 4.6 lb.

heating elements, for 24: 1.2 lb/ft 3.5 lb.

Added for the tee 0.2 lb.

Total 13.6 lb.

Weight of cutlet pipe 13.6 lb.

C. Startup Heaters

It is necessary to preheat the air-fuel mixture, at the start of
the flight, to a temperature of 1,012*F. The resistance heating elements
inside the annular space of the jacketed transfer pipe serve for either
initial or additional heating of most of the air. The fuel and air passing
through the vaporization chamber must be heated for startup in the chamber,
however, and this is done by means of heating elements placed around the
walls of the chamber.

At the start of the flight there is a demand for 43 scfm of ballast
gas or 43 x 1.081 - 46.5 scfm air (- 3.743 #/min.). The amount of fuel
required for this quantity of air is o.274 lb/min - O.O41 gpm - 2.46 gph.
At these conditions, again 6 scfm of air are required for the vaporization.
Thus:

VA3:R - 6 scfm - 0.483 lb/min.

tAhR - 250F (or less, since all equipment is cold)

hA 250'F -_52.2 BTU #

V~fel - 0.274 lb/min.

tFuel - 60"F

hFuel, 60F - 12.8 BTU/#

and at the desired temperature of 1#0126F

hAir, 1o2F -246.7 BTU/#

hFUel, 1012"F - 751 BTU/#

q = o.483 (246.7-52.2) + o.274 (51-12.8) = 296 B'u/min.
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The required "heater" is

296 x 6o
-412.75 - 5.2 Ku

Allowing for losses, the heater is sized at 6 KW, and its weight is 12 lb.

Heater size a 6 lbsHeater weight = 12 lbs

III. Total Weight of Air and Fuel Feed Equlpmentn

Supply piping 19.3 lb.

Spray nozzle 0.6

Vaporization chamber 91

Outlet piping 13.6

Heater 12

Total 136.5 lb.

This figure does not include the weight of a flow control device to
regulate the flow of air to the nozzle under all flight conditions. The
device is visualized as a flow meter in the air line to the nozzle, con-
nected to a throttling valve in the air line to the jacket of the chamber
outlet pipe. Its weight is included under Controls.

Total weight of air and fuel feed equipment - 136.5 lb.

IV. Combustor

The combustor is shown schematically in Figure 33 and 34. Design of the
individual components follows.

A. Size and Distribution of Cooling Tubes

Although other alloys may be advantageous, 316 SS is assumed.

'mbitting insulation
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'316 tubtng ot- 0.25*
wl thickness w 0.020'

hDt * 0.21"

Fins: fin height, bf a 0.375"

fin thickness., thff 0.035"

number of fin., Nt . Z fins per inch tube

-= , A .. . . , *.-

% o.u.,T SCfrE•

Figure F-3. Details of Cobiwstor Core

"" ro bý"0.375" r, o

o " 061 -0...

G.ZS

Figure F-.' Detail of Finned Tubing
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r750 outside radius of inner screen m1.6&M ~Inch

r radius of centers of beating elements a 1.7875 inch

rip r2P etc. a radii of centers of cooling tube,&

r S inner radius of outer screen - 9.6 inches

r *O outside radius of outer screen w 9.8 inch

r - inside radius of outer combustor vallu 10.5"

r - outside radius of outer comustor vall( outside radius

of comustor a10.625")

Figure P-5. Detailed Cross Section of Ccmbustor Including

Distribution of Cooling Tubes and Heating Elements
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Seating elements: % a 3/16

where St/ a number of tube. per bank:

1  di ittb 4 to . between fin Number of
r_ __ch d, inch inch_ inch edges, inch Tub*.a

rh -1.7875 3.573 11.23 Nh 30 0.374 0.187

r5 a 2.5 5.0 15.71 12 1.31 0.31 12

r2 - 3.6 7.2 22.62 18 1.26 0.26 30

r3 a 4.7 9.4 29.53 24 1.23 0.23 54

2.4- 5.8 11.6 36.-4 31 1.175 0.175 85

r5 - 6.9 13.8 43.35 37 1.17 0.17 122

r6 - 8.0 16.0 50.26 43 1.17 0.17 365

r7 * 9.1 18.2 57.2 50 1.144 0.144 215

mean Oacing d - 255.-1 1 .9 Ice
mean sacng ,, •Total No. tubes 21 1.19 inches

meandiameter adl •d7 & = .0 + 18.2 6.6 inch

Ad 2 1.ic

mean circumiference "N m - 3.1416 x 11.6 - 36.14 inch

ma number of tubes M 4 30.71 tubes
man spacing 1.19

check: 30.71 x 7 = 215 tubes

Number of tubes 215

Note: radial distance between centerlines of tubes is 1.1 inch and
between edges of fin ls 0.1 inches.
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B. Data

W * weight gases/Mn. at design conditions.

W = WAI + Wuei

- 24.9 + 1.2 26.72 lb/mm.

Gas flow rate - 1603 lb/hrl

tBG A 1,337°F TBG" 1,T77*R

p M 36.9 psig P * 51.6 psia

Vm = molar volume, ft 3/lb-mole

T Po VMoI
TO p

a x 359 x -'• 373.5 ft 3/lb-mole

VA:R - volumetric flow rate of air, ft 3 /min.

VAir a Vm x NAIR

- 373.5 x 0.8615 3 321.8 ft 3/min.

Vrael = Wruej x Yruel X Po)

.1.8 ft 3 /min.

VA.F - volumetric flow rate of air-fuel mixture

VA.F a VAIR .+ VFuel

- 321.-8 + 4.5 .326.3 ft 3 /min.

V"G - volumetric flow rate moist ballast gas

VHBG "N x N xAR x (N /mole air)

= 373.5 x 0.8615 x 1.0765

- 346.4 ft 3/min.
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VAVO s average volumetric flowrate throu. h the catalyst bed
'a "

2

326.3 + 346.14 -336.3 ft3 /mizn.
2

1= 2o,18o ft 3/.r 5 .606 ft 3/,ec)

Average flow through catalyst bed -5.6 ftso

AVG - average specific weight

(AVG V AVG

So.oV' I/f3

VAVG -average specific volume

TAVO w IAG

?AVG

1 32.6 ft 3 /lb

Average specific volume - 12.6 ft 3 /lb
, 1

Viscosities of gases and vapors at 1,337*F

)'M " (centipoises) x 2.-42 a , Ib/(ft) (hr)

OUM . 0.0l+2 centipoises

(Nltrogen - 0.039

V~~ .AO0.0387
.A .at.r Vapor - 0.0335; 258



AA-F - (24..9 x 0.04.2 + 1.82 x 0.0275) .1 26.72

= 0.041. centipoises l 0.0992 lb/(ft) (hr)

ABG - (71.466 x 0.039 + 19.191 x 0.0387 + 8.723 x 0.0365 + 0.62 x 0.0275)

a 100.00

a 0.03865 centipoises -0.0935 lb/(ft) (hr)

?*AVG A

2
S(o.o992 + 0.0935)" 2 0.0964 lb/(ft) (hr)

/ Average viscosity- 0.096 lb/ft-hr

Viscosities of Coolant at 212"F

?water a 0.2838 centipoises - 0.6868 lb/(ft)(hr)

Ateam a 0.013 centipoises = 0.0315 lb/(ft)(hr)

•n AVG + O0O05 0.36 1b/(ft) (hr)2coolant AVG 2=-

Thermal Conductivitie s

at 1337"F: kAR - 0.043 BTU/(hr)(ft2 )('F/ft)

kF,-Vapor" 0.075

kA-' - ((2-.9 x 0.043 + 1.82 x 0.075) 26.72 - o.o45

kB30 - 0.01.5 BTU/(br)(ft2)(-F/ft)

kAVo a 0.045

at 22F: 1kvater = 0.1415 3TU/(hr)(ft2 )(*F/ft)

ksteam - 0.0137

kCool(t AVG - 0.415 + o.0137) . 2 0. o. Bu/(hr)•oo• vo (2)(F/ft)

316--S: k l 13.9 Bm/(hr)(t 2 )(*F/ft) (at 125'p)
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pecific Beat*

at 1#337*Fs C~n O .25 M2/(lb)('?)

Cftel'Vap - o.835
C~ater..Vapor' 0-545~

CA,, - 0.295 ETU/(lb)(07)

CMO a0.29

CAVO; a 0. 293

at 212Fy Sfater 1BM(b-F

C~eu- 0.1i55 DTU/(lb)(-F)

CCoo2.ant AVG 0.73 32U/(2b)(*F)

FiDA Coefficlents (hd film coefficient for deposits)

hd AIR 500 VM/(hr)(ft 2 )(9y)

bd Fizel.Vapor - 2,.000 BM'/(hr)(ft 2 )(op)

dA-F - (2,000 x 1.82 + 500 x 2~4.9) 26.72 -60~2.2 B2U/(br)(ft 2 )('i')

bd well vater -500 BM/(br)(ft 2 )(-')

C. Calculation of Heat ftcbange Burface

Ass combuintor is )i3 g-q

OAanlty of beat to be transferred Q

Kq- 26,-382 BTU/min x 60 miD/ir. 1o 83,000 BTU/kbr

S eat d utY -1,583,000 BTU/hir.

Temperature difference *At

ti = teMpe&twre Of moist ballast gas * 13376?

t 2 a temperature of cooling media (wet steam) -212'?

A t *1, 337 2122a3425FV
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...j *AU a1158100 1,,407 MT/(hr) (*F)
1,,125

Nf a number of fins per inch of tubing

Af - fin area per linear ft of tubing

2L (OD 2 - ODt 2 ) x 2 x Nf x 12 inch/ft

r (12-o.22) x2x4 x12

* 70.7 inch2/ft - 0.421 Et2 /r

A0 bare tube area per linear ft or tubing

A03  " x ODt x l2 inch/ft (1-Nf x thf)

- • x 0.25 x 12 (1-4 x 0.035)

8.1 inch2 /ft - 0.0563 ft 2 lft

P• projected perimeter of tubing per linear ft of tubing

Pp -2xbfx2xNx 12 +2 (12-N xthfx12)

u 2 x 0.375 x 2 x 14 x 12 + 2 (12-4 x 0.035 x 12)

- 92.64 inch/ft - 7.72 ft/ft

de equivalent diameter tubing

de - 2 (At +AO)

.2 (70o.7 + 8.1)
7Trx 92.6

a 0.54 inch = 0.045 ft

a. = flow area "in duct*

as = cross-section area duct - projected area tubec

a lid X bd - Nt/b x ODt X bd - Nt/b (2 x thf z bf x ]f x bd)

a bd ['i = S (ODt + 2 x thf. x br x Nf)J

where:

bd = duct width, inch - length of combustor 4 43 inch
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Ad duct M~ight, inchb 36.14iiInch

amiamber tubes per bank enb 07 ue

so , 43 r'.4. - 30.71 (0.25 2 x 0.035 x 0.375 0)]
"W, 298 ich 2 - 7.62 ft 2

02 mass velocity of fluid 'in duct"

as ft

-1603 .2

7.62

S210 lb/(r)(ift 2 )

BRes Reynolds number of fluid win duct*
Res b . do x 08

*0.05 x 210
0.0964

8 . (dimemsionless)

- beat transfer factor for transverse fins
(2)

,f - film coefficient for transverse fins

do k

. . (0.293 x o.og6 1/3"0, x oi•0.•

-It. 62 T/(br)(ft2)(')

bfh film coefficient for transverse fins vith foling correctio
No outsid dirt factor)

b;= b.f 4" b0

hf +do

).69 + 602.2

a I.ýemTU(br)(ft 2 )(¶F)
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XI1 fin eFFiciency

Yb " half-thickness of fin

thf

2

" 0.0175 inch = 0.0o16 ft

(re rb) b(k 3 6 ss) T

*0.5 - 0.125 *0.47

1292-x' .01

re _ 0* See Figure F-1 4)
0.125

- 0.86 (from appropriate graph (3)

aI a interior area of tubing per linear ft tubing

ai-I x nt 12

- S x 0.21 x 12

= 7.92 inch2 /ft = 0.055 ft 2 /f

h a film coefficient for transverse fins corrected to the
fi inside sarface of tube (already corrected for dirt

factor)

li. (+LxA AO) AiL
4.58

- (0.86 x 0.491 + 0.0563) 0.055

- 4&0 pTU/(hr)(ft 2 )(*F)

h film coefficient for interior of tubing

For vaporization of water and based on (Ref. 4) extrapolated
hi 322 MBU/(hr)(ft 2 )(U7)

hdi dirt factor for interior of tubing

For vaporization of water bdi - 500 MtT/(hr)(ft 2 )(PF)
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hj - film coefficient for interior of tubing corrected for the
dirt factor

h, hl zhd i
I hi + hd

32 +500

UD * (hr) (LD x'

VDA - oterall design coefficient of heat transfer based an the
Interior suface of tubing

A1  "h.L x h;
•i+ h!

= 0 z 196
40o + 196

3- 22 M/(r)(f2)(.F)

33.22

Overall design coefficient =33.2 BTU/hr-ft _Or

Ai total heat transfer area, baed an the interior surface
- of t ubing

tt

q- AITO

A "5
1Wz~.1 = 2.36 ft2
33.22

I i

R e area, Interior of coilsH2.4 ft2

L =total length of tubing

! Tubln length -770 ft.



N* a total nu-ber of tubes

N * I, (Total length)
bd Treactor length)

770
43 12

- 214.8 tubes

I Number of tubes - 215

Thus, the chosen 215 tubes satisfy the requirements for the heat

transfer surface.

D. Volume of Catalyst Bed

V - Volume occupied by 1 linear foot of tubing

IC xOD2  2 2 -
4 t. x12 + 4 (0Df -ODt x~ zthfx12

- 1.826 inch3 /ft

Vt - total volume occupied by the tubing

Vt - xt N x bd (ft)

M 1.826 x215 x (243 12)
a 14M7 inch3

'r x ODh2

V - vol. for 1 foot of heating element - x 12

= (3116)2 x 12-4

0 0.3314 inch3 /ft

Vh - volume occupied by the heating elements

Vh = th x Nh x bd (ft)

- 0.33134 x 30 x 43/32

- 35.6 inch3
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Vc volume of catalyst

was calculated and indicated in Section V--h

Vc -o.3513 ft 3 .607 inch3

Volume of catalyst - 607 in3

Thus, for total volui'e

Vt + Vh + ve 1,.4o7 + 35.6 + 607 -2,050 inch3

But from geometrical considerations:

VR a volume of annular catalyst bed

vR - Ir (r2 " o 2-) x bd (inches)
01 ISO

- IY (9.62 1.68752) x 43

a 10:053 inch3

Volume of bed for assumed tube spacing - 10,050 inc1~i

It is readily seen that the volume of the catalyst bed is much larger
than that required by the tubing, heating elements and the catalyst. Con-
sequently, -the catalyst has to be 'diluted*, preferably with a low bulk
density and hi.g conductivity material (its particles should be the same size

* .and shape as the catalyst extrudatea).

* V~- voumeof catalyst dilnent. ~~~VCD - volume O st

• - V1 ý (Vt + Vh +V)

St- 10,050 - 2,050

= 8,000 inch3 - I&.63 ft3

Ivolume ofdiluentum-i.63 ft3j

It shoul d be noted that the heat exchange surface Is not optimized.
Further optimization and eqpeimntal data on catalyst Wbed clng m yield
a maler heat transfer area and mailer catalyst bed wvo3e, resulting in
reduced requirement for diluent. Use of a specially developed catalyst,
capable of withstanding hi~ifer tqmpeatures than Catalyst A and/or tubing
with fully optimized fin design, can be ezpected to result in a significantly
mailer catalyst bed.
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E. Fuel Preheating Pipe

The pipe is 1/8" ITPS schedule 5, 316-Ss

oDt - o.o45 inch wall = 0.035 inch I *t 0.335 inch

Fins: height - bf - 0.1 inch

thickness - thf - 0.035 inch

N1 w 8 transverse fins per inch linear.

IM4D -858*F

Average temperature BG " 1337*F

Average temperature fuel -475F

AF ". 06 lb/(ft)(br)

CpF a0.703 BW~/(lb)(*F)

kF _ 0.0701 U/(hr)(ft2)(J/ft)

aF" 39.2 lb/ft 3

Sr a// 6 2 .4 - o.629

hd~p - 250 BTU/(br)(ft)()

WF - 1.82 x 60- 109.2 lb/br

q a 328 x 60 - 19,680 TU/hr

Af -0. 2 ft 2 /ft lin.

AO - o.o3• ln
Pp m4.64 .ft

de 0.0395 ft

a 0.0797 ft 2

WV - 17.6 lb/br

OB- 221 2b/(br)(ft 2 )

Resm 94

if 2.6(2) V
(qk/k)1/3 I.e2
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a5.4 DM/(rj/)(mt2 )(*p)

hds 602 yL¶/(br)(ft 2 )(*y)

h; 5.35 BDJ/(br)(ft 2 )(*p)

at 0.oOQS ft 2 .

do 0.028 ft

Ot 178,400 3Th/(ibr)(ft 2 )

jt .39(5)

(cAalfk)1/3 - 1.663

ht± - 162.4 BTU/(hr)(ft 2 )(*p)

h - 98.45 MT/(br)(ft 2 )(Fp)

kt ft 12.35 MI¶/(br)(ft 2 )(*p/ft)

Yb O.~46f

re/rb 1.5

(re -,rb) (h;/kt Tb - 0.1"

0.0 o877 ft 2 /ft 3

II

Designl coefficient *14.8 BTU/br..ft 2 _*F

UDI FE

a1 iL 179 -155ft

aj~ leng fth 1.8f
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Thus# about 5 psase8 inside anmilus A.

Weight - 0.263 x 17.8 + 2 x 0.14 -5 lb.

4Aof preheating pipe - lb.

F. Pressure Drop

As mentioned previously, both streams reach the inlet to the combustor
"core" with a pressure of 37.53 psig (52.23 psia).

Pressure loss in inner perforated tube of the "core"

cross-section area a Ai I~ 1 ~.218? 1.165 inch O .00809 fte

Effective dimeter = det - IDt/12 0.1015 ft.

Mass velocity Z G W/A1 - 138/0.00809 - 17,200 lb./(hr.) (ft.2 )

..,A 0.026 centipoise x 2.142 - 0.063 Ib./(ft.) (hr.) (at 1012°F.)

R -det x Git/A - 0.1015 x 17,200/0.063 - 27,700

friction factor, f - 0.000233 (6)
Molecular volume - Vm a (14.7/ 492) x 359 x (1472/52.23) = 302.5 ft.3 /lb. mole

Air flow rate = Vair a 302.5 x (0.48/28.9) - 5.0 ft./min

Specific volume of fuel vapor a 7 ft. 3 /lb. at 10120F. and 14.7 pia.

Fuel vapor flow rate - 7 x 1.82 x (14.7/52.23) = 3,6 ft. 3 /min.

Total flow rate VT - 5.0 * 3. 6 = 8.6 ft.3 /min.

Weight flow rate - 0.48 + 1.82 - 2.30 lb./min. a 138 lb./hr.

Density mix. 2.30/8.6 - 0.67- l./b .3

Specific volume mixture - 8.6/2.30 - 3.74 rt.,3/b.

Specific gravity related to water - S1 =,"/62.4 - 0.367/62.4 - .eC?

2f x G~t x L
& P =~(Ot; for gases =1

5.22 x101 0 xde x0fraeilCt

0.000235 x 17,2002 x 4
5.22 x 10.Lv x 0.1015 x 0,00428

SP 0.012 psi

Pressure drop within inner core 0.012 psi

The pressure loss through the perforations was calculated by the
method used for screens (shown later) yielding A P = 0.0001 psi (negligible).
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Pressure lose In outer Perforated Ripe of the *core"

¶ Since it carries the rest of the air plus the fuel-air mixture from
the inner perforated tube., the pressure loss in this eanwlus is calculated
for the total mixture.

Cross-section area of annulus *Aa u- (no -2 o~ (2 .2252)

= 5.515 inch2 = 0.0383 ft2

Effective diameter a %a 33)o - Mi a 2.93-1.25 a 1.68 inch - 0.14 ft

Mass velocity - oa - W/Aa = 1,603.2/0.0383 - 41,900 lb/(br)(ft 2 )

mix a (0.037 x 24.9 + 0.026 x l.82) 1 26.72 - 0.0363 centipoises
x 2.42 - 0.08n lb/(ft)(hr)

R -ea de /, 0. - 0.14 x 4l1•90/o.o0 66,80
f = .06( 7)

VT = VAI + V1-vapor - 302.5 x 0.8615 + 1.97 262.6 ft3/aiu.

=~ 26.72/262.6 a 0.102 lb/ft 3

a .a

4 x0.006 x 41~O2z1

2 x (4.15 x lo) x (o.10')4 z 0.14

AF= 145 ft

I Velocity a V - VT/ 6O As 262.6/(60 x 0.0383) - 114.3 fps
2

-F 3V2/2g - 3xl4*.3 /64.4 6

*14
s• = .(145 + 6o4) x 0.102

- 144

A Pa  a 0.533 psi

loss through the perforations is 0.0015 psisthuia, the total pressure loss
is 0.534 psi.

hP in outer pipe of core -0.55 Psi

Consequently, the mixture reaches the inner screen with 36.98 psig (51.68 psia).
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Pressure loss in the inner screen

The calculation procedure employed below is from Milti-Metal Wire Cloth,

Inc. (Tappan, New York).

M a mesh - 10

Dw a wire diameter, inch - 0.041"

"Opening sizt!, inch - 0.059"

%open area - 34.8

a (1-M x O)2 (1-0o x o.o41)2 0.348

Do [E(,/M) - a[(1 10)- 0.041] 0.059

A a (,(1-a 2 ) ,. 2 ] . [(1.0.3,482) 0o.3,482] - 7.253

B D- D 0.059 0.348 0.695

-l 0.00674A - 0.00674 x 7.253 = 0.05

-; 77l40B -77 4 0 x0.3.6 95 -1312

Va - (14.7/492) x 359 x (1472/51.68) a 305.4 ft 3/lb--Mole

VAIR - Vm x 0.8615 l 263.1 ft 3 /min.

VF.w r u z1.82 x 7 (14.7/51.68) = 3.62 rt 3/min.

VT a 263.1 + 3.62 - 266.7 fOt3 /in = 4445 ft3/sec.

- 26.72/266.7 -o.1=o8 lb/ft 3 a o.oo161 g/ce

IA.- 0.036 centipoises

A8 - screen area 2TrT L/144 21r x1.68 x43/144 3.15 ft 2

V - flow velocitya VT/As - 4.445/3.15 a 1.41 ft/sec

R vajL 1312 x1.41X.0 6  82.5lf
A o.o36

C a factor from the supplied graph " 0.92

C2

o.q5 x o.0o06z x 1.* 2

0O.0002 psi

Pressure drop at inner screen is negligible
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resure dro2 through bed

DP e uivalent particlo daumeter (that is, dieaster of an
equivalent sphere).

For cylindrical extrudates

d cylinder diameter = 1/16 inch - 0.0052 ft

1 cylinder length - 1/8 inch a 0.1O4 ft
3

_2 3 ,, - 0.00625 ft
DP 090052+ SW

Mhe fomula to use for A P depends on type of flo, laminar or turbulent.

Since we have laminar flov (Re - 14), the fornla to useis

A~p 5 3,j L Af vo
l•J• •2 psi-

where

LL- bed thickness (including duent) - 8 inch - 0.67 ft

Af a wall effect factor a 1

Ja average viscosity = 0,0000268 lb/(ft)(sec)

Vo - velocity through empty bed w 0.74 fps

"A 53 x 0.0000268 x 0.67 x 1 x 0.74
* 14L4 x (0*00525)e

A P =0.12 psi

"Pressure through bed - 0.12 psi

" In addition to the pressure loss through the particles, the AP due to
" "frictional surface of the tubes was calculated (method shown in HE #1; duct

side AP). It amounts to 0.00003 psi, which is negligibla.

The pressure of the moist ballast gas reaching the outer screen is
3687 psg (51.57 psia).

Pressure drop throush the outer screen

Calculations., as outlined for the inner screen.* yield a pressure loss
of 0.00013 psi (negligible). Even if a double outer screen is used, the

pressure loss remains negligible.
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Pressure drop in Annulus A (see Figure 34)

IDeA - 2 roso - 2 x 9.8 a 19.6 inch

ODeA - 2 r IA 21.0 inch

PWA - wetted perimeter - T (IDEA + ODeA) I t(19.6 + 21) -

127.55 inch a 10.63 ft.

A flow area in annulus a (ODA 2 - IDA 2 ) .. - t, (212.19.62) 4 .

44.65 inch2 - 0.31 f2

deA - equivalent diameter 4 4 AaA/PwA - (4 x 0.31)/10.63 = 0.117 ft

GaA - mass velocity a W/AaA - 1603.2/0.31 a 5,172 lb/(hr)(ft 2 )

ReaA - deA x GaA// = 0.11667 x 5,172/0.0935 - 6,450

fA - 0.0023(8)

s - f/62.4 = o.0771/62.4 = 0.00124

a- 1
PfA x Ga• x LA 0.0023 x 5p172 2•x 3.58

- 5.22 x 10 10 x dea x SZ Ta 5.22 x 1010 x 0.117 x 0.00124

P =0.030 psi

.P in Annulus A- 0.03 psi j
For the converging annulus (or cone) a pressure loss of 2% in assumed.

0.02 x 36.8 - o.74 psi

Thus, the moist hot ballast gas leaves the reactor under a pressure
of 36.1 psig (50.8 psia).

j Exit pressure a 36.1 pstg

G. Coebustor Jacket for Air Preheat

The idea of surrounding the caobustor with an annular Jacket for
preheating combustion air was abandoned after calculations showed that even
with finned coils only about 4% of the total beat -equired by the air could
be transferred in a reasonably-sizel annulus. A large annulus is objectionable
because it causes an excessive expansion of the cobustion gases. An outer
air Jacket might be considered as a means of cooling the outside wall of the
combustor, but is not included in this study.
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H. Combustor Weight (all parts of 316-SS except as noted)

Inner core tube 0.216 lb/ft x 3.583 ft - 1 lb

Outer core tube 1.13 " x 3.583 ft - 4

Inner screens (2) 3.013 x 3.583 ft 2 1

Catalyst 0.3513 ft3 x 40.6 lb/ft 3 - 14

Catalyst diluent 4.63 ft 3 x 25 116

Cooling tubing 0.409 lb/ft x 790 ft - 323

Outer screens (2) 17.391 lb/ft x 3.583 ft - 62

Outer wale (0.14t"
thick) 29.4 lb/ft x 4.583 ft - 135

Outlet connection Std. 4" IPS pipe - U1
Fuel Preheating tubing 5

Heating elements 12
Totale

Total weight of combustor - 694 ib

V. Heat Exchanger No. 1 (HE 1)

Cooling of moist ballast gas leaving the combustor and preheating of
incoming combustion air are accomplished in HE 1. The moist ballast gas,
which is hotter, is placed inside the tubes, so that the outer shell wail
thickness is based on the cooler air stream. (For Hastelloy C, the design
tensile strength is 24,500 psi at the exit air temperature, as compared to
20,700 psi at entering BG temperature.)

A. Assumptions

Duct: 2 x 2 ft (inside) (bd 2 ft hd 2 ft)

* Tabing: ODt 1 inch wall - 0.035 inch IDt a 0.93 inch

Fins: height - bf - 0.5 inch thickness - thf n 0.035 inch

f- 8 transverse fins per linear inch tubing

re 1 inch rb 0.5 inch ODf 2 inch

Tube banks: Nt/bl - 12 tubes

and .1 - U tubes in alternate banks

N2 ft length added for the converging cone. Made of Hastelloy C.

27



Triangular pitch:

.igure F-6. Arrangement of rinned
, Tabes In HE 1

B. Heat Exchange Surface

q - 5,573 BmJ/min - 334,400 ET"J/lr

Air = enters at 250OF - t3

leaves at l,12*F - t4

Moist BG: enters at 1,3370F -t

leaves at 558"F - t2
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Hot Fluid Cold Fluid Difference

ti v 1337?F Higher temperature t4 - 1; 122F tl-t 4 .- 225? a Ath

t2 558*F Lower temperature t 3 - 250F t 2 t 3 " 3081F "-t

tl-t2 779"F Difference t .-t 3 -- 862?F 83"F

1. mean temperature difference

2.3 log AteAth,

U308 -25

2.3 log 0-8
225

- a -"0.9

3862 -0.8
t; - t 1,337-250

FT- 0.50(9)

At - FTxLMTDiO.5x 263-132'F

Mean temp. difference -132F

2. Caloric temperatures of the fluids

&tc 308

S 225 1.37

assuming Kc -1

Fc- 0.47(1

T - caloric temperature of BG (mean for EX 1)c

c -t 2 + (t 1 -tO)

- 558 + o.47 (1337-558) -
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tc caloric temperature of air (mean for iB 1)

ta t3 + (t 4 - t 3 )

- 250 + o.47 (1,112-250) - 681F

3. Data at above temperatures

BG at 924*F ani 50.7 psia

I'BG " 0.0774 lb/(ft)(hr)

C a 0.267 BT.r/(1b)(OF)

kBG _ 0.035 BDU/(hr)(ft 2 )(°F/ft)

VM 292.8 ft 3/lb-mole

V *G n 271.5 cfm a 14.525 cfa

/0a o.o984 lb/ft 2

st.. - i/6.4 0.001577

(cp ,B/kBG)1/3 . o.84

Air at 681"F and 64 psia

? A - 0.075 'b/(ft)('r)

C a 0.254 m'TU/(lb)(*F)

kA o.-082 BTU/(hr)(ft 2)('F/ft)

vM = 171.5 ft 3/jb-mole

VA, = 1147.8 efm - 2.463 eta

0.168 lb/ft 3

S$a 0.0027

(C, AA)1/3 - 0.878

Af fin area per linear foot of tubing

A f (f _M-?. ) z 2 N x 3= l 2

V (22..1 2 )x 2 x8 x3a1452.4 Ineh 2 /ft 3.114 ft2/ftý
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Aa - bare tub area per lineal toot

Ao " Tx oDt x 12 (1-4f X t )

. l x I x 12 (1-8 x 0.035) 27.14 ince/ft - 0.189 ft 21t

Ppm projected perimeter of tubing, feet per lineal foot

Pp - 2 x bf x 2 x INt x 12 + 2 (12 - Nt x tht x 12)

-2x0.5x2x8x12+2 (12-8x0.035x12)

209.3 Inch/ft - 17.41 ft/ft

don " equivalent diameter of tubing

2 (Af + Ao)
x PP

- 2 (3.14 + 0.189) . (Ta x 17.-44) o0.122 ft

As = flow area in duct

A- ".12 bd [12 hd - Nt•bl (ODý + 2x Nf x th xbf)]

- 12 x 2[12 x 2 - 12 (1 + 2 x 8 x 0.035 0.5)]

- 207.4 inch2 , 1.44 ft 2

Flow area in duct- 1.4 ft 2

4 . Duct side: air

S i ~mass1 velocity, on

33 e ILAi a 2t4.9 x 60/1.1414 -1038 lb/(ft 2 )(hr)

Reynolds number, Re.

Reg n dam x sd A , 0.122 x 1,038/0.075 - w

beat tranefer factor, ijf

t° .

hf r/ Jr (coefficient for transverse fins)

-20 0-2f a o.878 a 4.08 MTU(br)(ft2)C?)
0.122
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Fouling factor - Rdo - 0.003

hbd - 1/Rdo - 333 BTU/(hr)(ft 2 )(*F)

coefficient vth correction for fouling, h;

h; ýf. X hds . 8x33 4.014 BM(r(f2(p
f ÷ hda + 3ý3

Corrected coefficient, duct side - 4.0 ditto

5. laside tubes - moist BG

At" ID? t x 0.932 0.68 inch2 . 0.0072 ft 2 /tube

At/b - At Xt/b, a o.6 8  x 2 8 .16 inch2 .0.o567 ft 2 /bwlk

det M Tht/12 - 0.93/12 a 0.0775 ft

..Y.. 16 .2- - 28,.300 lb/(br)(ft2)

Ret a det x Gr, 0.0M X 28j.300 m*8,0
d 8 -28,300

,,'"BG 0,07744

Jhi 93(5))

"hi - Jhi kM2 (CAUQ.G 1/3 •

9 93 5 0.84 x 1 - 3 B•U.1 B/(hr)(ft2 )(*F)

di 602 BM'/(br)(ft 2)(*7)

h ' .a 33.1 BTU/(hr)(ft 2 )(-F)
hi. + b.d

Corrected coefficient, tube aide = 33.14 BTU/hr-ft 2 - I

6. Overall design coefficient, heat transfer surface and number of banks

re n outer radius of fin rb - inner radius of fin

re 1

r* ISi0.5

Y* tbf/2 -0.035/2 -0.0175 Inch *0.001146 ft:



t, conductivity of fin 2 .1.8 MU/%..tt2 .*.?ft

(r--rb)(ti;/ktyb)O 5

2.' .1,x O.oO-17*-/ 0.36

fin efficiency "

0.85%31

Aj * interior surface per linear foot

Ail•Dt x 12 - Tx 0-93 1 12 350 6 inch2 /ft "0.2 4  ft 2 /ft

Corrected film coefficient, r.'

h1~ w (SL xAf + AO) h/A

S(0.85 z 3.11 ÷ + 0.189) 14.0/o0.24

4 7.5 BTU/(br)(ft 2 )(CF)

Coefficient for transverse fins corrected to internalI surface of tubing -7.5 JTU/hr-ft 2-"F

hf x hi 4 17.5 x 33.'

•m ,.47.5 + 33.4

hf1 +

Oveur~.all design coefficient -19.6 D1¶J/(brft2)J6F)

P-* 19. 13

Internal tubing ara - 129 ft2
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Ailb " [0-5 (Rtth "Nt/s02)] atz Lb (LO bd)

a (0-5 (12 + 11)) 0.2435 x 2 u5.6 ft 2 /bank

number of banks - 1% - AIT/Aib

- 129 5.6

Oamber of banks 23

C. Pressure Drop

1. Duct Side: Air

V *, a net free volume

VN= bd X hd X Vs (Nt/bl + Nt/b 2 ) r" l*0D2+thr

-2 2:Lt 1.(7321 ~1 2 [12 + 0.035 x8 (22_1?)]
12 2r i.

SF - frictional surface (duct valls may be neglected)

Sy - 1/2 (Nt/b + Nt/.2) x (d ÷ AC1xbd

- 1/2 (12 + 11) (3.14 + 0.189) 2 -76.6 ft 2

D' volumetric equivalent diameter
ev

Do' V 4 •x0.3573 - 0.o1 rt
S " 76.6 o 7

Gs . 1038 lb/(hr)(ft 2 )

Re -DevGo ,0.0187 x 1,038. 260

/4A 0.075

r - o.0o0(2)

Lp levngth of path

281



Lp N zVa 23x 34 ft
12

".0.4(Dev

(%L) 0 2.1x.o -s1.0

-(/ 2 x Lo D!~ 0.4 (~0.6

APA 5.2 x O x De2 z x i O S

0,004 x 10382 x 3.314 x 0.417x 1
"5.22 x 10L x o.o17 x o.027 x

Air pressure drop a 0.0023 psi (Negligible) f
The above excludes the gradual enlargement and comtraction losses

in the duct.

It is assumed (Table XIV) that air leaves the engines with 53 pstg
(67.7 psia). Furthers it is assumed that the loss between the engine and-
HE 1 is 0.7; thus air reaches HI 1 at 52.3 psig. Loss in the diverging cone
is about 8% of this pressure, or about 4 psi, and in the converging cone is
2%or 1 psi. Thus:

totl air pressure loss - 5 psi

air leaves HE 1 at 47.3 psig (62 psia)

__j.

2. Tube Side: Moist BG

At, At/b, det, Gt and Ret are the sae as calculated for heat
transfer.

H f- o.ooe2( 6 ) .-

f•xG~xXibX~2

iI
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0. 2 x (28,300)2 x 2 x 23
5.22 k 1010 x 0.0775 x 0.001577 x 1

U 1.16 pai

Pressure drop, IG in tubes - 1.16 psi

In addition to the loss in straight parts of the tubes there
ae the losses due to the return bends, of vhich there are 22, and the
two headers. A return bend of 1" OD tubing is equivalent to 5.5 ft of
straight tubini. It is assumed that the sawe is valid for the headers.
Consequently:

(22 + 2) x'5.5 a132 ft straight tubing

The above APBO is for 2 x 23 "6 ft of straight tubing, thus

132 x 12 .16 3.33psiPbend -463 a

The total pressure loss for BG in HE 1 in

A PT.BG - 1.16 + 3.33

Thus# Do leave' 1 a316 pg (ec6.3 psis).

D. Dimensions and Weight

Inside, dimensions of IM 1 ari 2 x2 ft

Wall thickness, for. Eastelloy C, is 3116

Length of duct is 3.3. + 2 x1 5.34 ft

(Includs 1 ft an each end for transition cones)

Duct: "217.7 inch3 /:t x 0.296 lb/inch3 . 64.44 lb/ft

Tubing (including return bens) - 62 #/ba•k (for 3i6-ss)

Thut:e

Duct: 5 x614.1.4. 322 lb
Tubing: 23 62 1-426

• lb
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Total vow hor x1 1#i748m Ib
Notes The weight is based on use of Hastelloy C as the material of
construction, and on incomplete optimization of fins and tubes. Choice
of a lighter weight fin and tube material of equivalent strength would
reduce the weight proportionally.

V1. Beat Exchangers* o. 2 and 3 (HE 2 andH 3)

"These are combined in one duct containing two *coils*, one using fuel
and the other water. Between the two sections there is an *orifice" which
actually Is a dam 1" high extending from all walls of the duct. This dam
prevents the condensed water in HE 3 from entering the fuel-cooled section
(HE 2). At both ends of the water-cooled section there are provisions for
draining off the condensed water.

A. General

Ballast gas is on the duct side.

The duct is 1 x 1 ft

Tubing: ODt - 0.5" wall - 0.01." I - 0.148"

Fins: bf = 0.25" thf - 0.035 .f 8 fins/inch

Construction: alternate banks in triangular pitch

Nt/l - 12 s - Nt/ - 3b

ST In sul 1 *v. o. 8660

Other values, as in previous parts of this Appendix:

Af = 0.7854 ft 2 /ft lin.

*A. - 0.0943 ft 2 /ft lin.

Pp 9. 414ft/ft lin.

ded 0.0 6 ft

ad * 0.36 ft2

d 4•5,0,o jb/(h)(ft2)

Yb oW lft

re - rb O.0208 ft

Srf2/r8
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iI
aj 0.0433 ft 3 (per bank)

SP -10. 12 ft 2 (per bank)

D av 0.0171 ft

(D' /S)o.4. _o.53,
-0.56

(sL/sT)° 6  a 1.0

B. Fuel-Cooled Section (HE 2)

1. Heat Transfer

Q 1 1,598 BTU/min - 95,900 BTU/hr

WF 52 lb/min - 3,#12 lb/hr

Hot Fluid (BO) Cold Fluid (Fuel) Difference

558OF Higher temperature 350*F 208'F

34oOF lower temperature 300*F 40*F

218'F Difference 50OF 168*F

IlTD - 102F R -4.36 8 2 0.2 FT 0.92(9

At 0.o92 14TDa

A tc/Ath -0.192 K - 0.09 Fe a o.3(1o)

caloric (mean) temperature of EG, Tc = 1419O

caloric (mean) temperature of fuel, te - 318*F

for fuel at 318'6:

Alp - 0.75 lb/(ft)(hr)

f a 5.78 b/ala - 43.2 lb/ft 3

St - 0.7

C• - 0.68 BTu/(Ib)('*)

tp - 0.0732 BTU/(hr)(ft 2)(/ft)
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1/3 1.91

llt=

for BG at 4197F and 146.3 psia

vj( - 203.6 ft 3/lb-mole

VB, -1 8 8 . 8  cfm - 3.15 cfs

/ 0 3Q - o.1415 Th/ft 3

Sd -0.00227; On -1

,01B3 - 0.0605 lb/(ft)(br)

S- 0.26 BTI/(lb)('F)

kB-G 0.024 BTU/(hr)(ft 2 )(FG/ft)

(cJA BdkBG)1/3 - 0.869

Heat transfer - duct side

Red - 4,,420

ji - 40(2)

hf -13.9 BTU/(hr)(ft 2 )(Fz)

bddu 60 /b)f2(F

h.4 13.6 BTJ/(br)(ft2)( -F)

Corrected coefficient , 13.6 BTU/hr-ft 2 -"F

I• Heat transfer - tube side

At - o.oo026 f2

det -0.014 ft

Ot 2.a ,0 •lb(r)(ft2)

Ret =11,100

Jt *42(5)

----
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ht 1h7 BTUf/(hr)(ft 2)OF)

hdt 50 0  
U "

h;= 113.6 "

SCorrected coefficient" 113.6 M•U/hr'ft2"*F I

Heat transfer - design U, area and No. of banks

ait = 0.126 ft 2 /ft lin.

Ait/b - 1.•44 f 2/bank

(re-rd)(h/f0ktYb.½ - O632 kt - 10.1 Bl/(hr)(ft)(F/ft)

0. 84(3)

h - 8_1 6 BTU/(hr)(ft2 )(-F)

UDi 47.5 BTU/(hr)(ftN)(F)

Design coefficient , 47.5 BU/hr-t 2_-'*F

AiT a 21.5 ft2

2. Pressure Drop

Tube side pressure drop (fuel)

Velocity 2 1.336 fps

f = o.ooo27(6)
Aet -._S.2 psi

each return bend of 0.5" tubing is equivalent to 2.5 ft of straight tubing.
There are 14 return bends and two headers:

(14 + 2) x a.5 x 0.22Pr ~~15 9-2



Ax.Ve 0.Q*44 psi

Duct side pressure drop (BO)

3d .1,,26o

f = 0.0032(2)

Lp -a = N 15 o0.866/12 1.0 8 7ft

A Pd 02 O ls

loss due to gradual enlargement (diverging cone)ta i.

A PjLa" 0.08 x 31.6 5

aectom a2.55 psi

Thus, the BG leaves this section with 29.05 psig (43.75 psia).

Pressure loss in "Orifice"

v a velocity BO in duct =VT/Ad - 3.15 ft3 per see/0.36 ft 2

a 8.74 ft/sec

P - velocity head - v2 /2 g - 8.742/(2 x 32.2)

1.2 ft (air column)

a 0.0012 psi

to obtain ( -1)

A, - area empty duct = 12 x 12 1 41 Inch2

e- = area *orifice*-l O x 10 10 Inch2 (I inch dea)

S2/AL a 100/144 0.7

for above value, (1 1) 0.2

thus: AP. - =.2x 0.0012 0.00024 psi
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IAPo negligible

C. Water-Cooled Section (HE 3)

1. Heat Transfer

Q 2,984 BTU/min - 179,000 BTU/hr

Ww 23 lb/mn , 1.',80 lb/hr

Hot Fluid (BG) Cold Fluid.(Water) Difference

34O*F Higher temperature 210*F 130"F

IO0F Lower temperature 80"F 20"F

240F Difference 130*F 110*F

I4 ,- 59"F R . 1.85 S =0.5 FT -0.87(9)

At - 0.87 x 59 -

Average temperatures may be used, thus

Tc = (340 + 100) "2= 220'F

te -(21o+80) 2= -145"F

For BG at 220*F and 43.75 psia:

VM 158 ft 3 /lb-mole

VBc- 147.5 cfm - 2.46 cf3

BG 0.051 lb/(rt)(hr)

/O•r. o.181 lb/ft 3

Sd = 0.0029

C 0 0.25 BTU/(Ib)('F)
p

kBG 0.019 BTU/(hr)(ft 2 )(*F/ft)

(cJ BG/kG)1/3 o. 876

Od -
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For water at 145"F: s

AW 1.069 ib(ft)(hr)

* 61.3 mb/rt 3

St "1I

S- 1 BTt/( lb)( rF)

k - 0.374 MrJ/(hr)(ft 2 )('/ft)

(cAuvfkw)1/3 - 1.428

Otu

In this section the tubing is aluminum. It is of the sawe ODt - 0.5 inch
as before, but va l 0.02" and consequently IDt * 0,16".

Heat transfer - duct side

Red - 5,240

ji- 45(2)

h. 12.5 BTU/'(hr)(ft2 )('F)

b - 12.25 BTU/(hr)(ft2 )(OF)

Heat transfer - tube side

det - 0.0383 ft

, *; 0.00115 ft2

At/b . 0.0139 ft2/b&nk

rt - 99,60 ib/(ft2 )(hr)

Ret - 3,500

J 1405)

.t -195 BTU/(r)(ft2)('F)

hdt 500 Bo /(br)(rt 2 )('F)

S140.3 BTU/(hr)(ft 2 )(F)
2 it
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Co-ýrrected coefficient * 140.3 BTLJ/hr-ft2_*F

Heat transfer - design U, area and No. of banks

ait -0.120 ft 2 /ft ini.

Ait/b a1.385 ft2/bank

(re-rb) (bf/ktYb) -0.175 kt a118 BTUJ/(hr)(f t2)(*F/ft)

o2. .98(3)

hfi BU(r'f (F

UDi 54 BT/h):r2(

AiT 6s 2

aN 4baks

2. Pressure Drop

Tube side pressure drop (water)

Velocity - 0.~452 ft/sec

f - 0.00038 (6)

A Pr - 0.23S pI

A APT -water 0-032 Psi

Duct side pressure drop (BG)

Itd- 1, 500

f - 0.00315 (2)

IV- 3.39 ft

P d - 0.05ps-i
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In this section, there Is also tho pressure loss due to condensation
of water. Average pressure in this section is 29 psig (43.7 psi&). The
total of gases in BO is 0.8615 x 1.O765 o 0.9274 mole. The amount of water
condensed in HM 3 In 1.272 " 18 a 0.07067 moles (see Figuare37).

A Pcondensat ic o (0.07067 - 43.7) 1 0.9274 -

The pressure at which SO reaches the converging cone is
29-3.33 = 25.67 paig (40.37 psia). The loss due to the gradual contraction
there i 2%.

A Pconr. 0.02 x 25.67 - 0.51 yei

Consequently, the total pressure drop in HB 3 Is

A PBG_ section -3.89 Psif

Thus, BO leaves HE 3 with 25.16 psig (39.86 peial

D. Size and Weight

HE 2 Section (fuel) - an 316-88

Duct wall is 3/16" thick and its inside dimensions are 12 x 12 inches.
The length of this section including diverging cone is 1.5 ft.

Duct: 109.7 inch3 /ft z 0.2 lb/inch3 - 3L.8 rb/ft
Tubing: 25 inch3/bank x 0.29 lb/inch 3  7.27 lb/bank

Weight duct - 1.5 x 31.8 - 48 lb

Weight tubing 15 x 7.27 - 109

Total 157 lb

I Total Weight, HE 2 a 157 lb j
HE 3 Section (water) - all lmainum

Duct wall is 0.35' thick, and the length of this section including
the converging cone is 3.8 ft.

Duct a 207.5 inch3/ft x o.o99 2b/inch3  20.5 lb/ft

Tubing' 27.3 inch 3/bank x 0.099 lb/inch3 - 2.7 lb/bank
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Weight duct - 3.8 x 20.5 n 78 lb

Weight tubing a 47 x 2.7- a I

Total 205 lb

T Total weight HE 3 u 205b I

E. Summary

Total length of caobined HE 2 and HE 3 5.3 ft

Total weight 362 lb

Total pressure drop in 6.44 psi

VII. Drier

A. General

Both fluids enter at temperatures below their exit temperatures,
and the available cooling water temperature is only 20"F below that of the
entering BG. Therefore, a cocurrent flow is chosen. The choice of cross-
section is based on consideration of several factors:

* pressure drop

0 velocity of gas in empty drier

a the desired number of cooling tubing banks (it is preferable
to have a small•er cross-section and a larger number of banks
at a closer spacing, for the same heat transfer surface, to
maintain the entire bed as cool as possible).

Two drying agents are used. Most of the water will be removed
by the CaCl2 (heat of absorption - 1,500 BTM/#, nit heat - 450 BTU/#)
because of its high capacity. Weights of agents are calculated first based
on efficiency, then increased if necessary to provide 50 hours of service
between regenerations. This is in Line with the target for catalyst performance.

"Contrary to the cooling scheme used as the basis for the material
and heat balances given in Figure 37 a revision providing an increased
cooling water requirement but a net reduction in weight is used, as follows:
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Water In I Water Out
t - 80'? ,t - 130'?

8o -48 m•u/m [h130 -98 Mi/m

r, net 40 U/lb water j

Saturated BO in Dr BO out
t " 100"F t " 1501FW Dr B 24.39 ib/mizi. h Dry 10, 150'-2. T/b
wH2 vao - 1.054 lb/mim. wDrY BG - 24.39 lb/min.
Q8BG, 100 - 1,669 BTU/mi.. %ry 30, 150 - 678 BTJ/1b.

Rin QSBEQ,ioo + WUJ Vapor z A~rA, net

1,669 + 1.054 x 450 - 2,143 BTU/min

Figure 1-7. Revised Cooling Water Requirements
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Qout Qdry BG, 150 Wdry BG x bdry BG, 150

-24.39 x 27.8 a 678 BTU/min

'"rier - Qin - QOut

- 2,143-678 , 1,465 BIU/min

A Qdrier
Wcooling H20 h1 30 - h80

- - 2L.3 Llb/m

This supply of 130"F water may be introduced at the appropriate point in
HE 3, thus reducing either the overall water requirement or the transfer
surface area, but such is not considered in the present study.

If curresponding changes are calculated for average flight
conditions (Figure 36), the drier cooling water flow is increased to
18.9 lb/min or 122 lb/flight, and total cooling water per flight (including
10% contingency) becomes 266 lb.

B. Data for Calculations

Saturated BV reaches drier at 25.1 psig (39.8 psia)

Weight SBG = 25.448 lb/min - 1527 lb/hr

Weight of water removed : 1.054 lb/min

Weight of dry BG = 24.39 lb/mn: 1,1464 lb/hr

Pressure in fuel tank - 0.84 psig (15.54 psia)

qto remove = 1,665 BTU/min = 87,900 BTU/hr

Wcooling H2O - 29.3 ib/min = 1,758 lb/hr

,AAIR,100 3 0.019 cpa - 0.046 lb/(ft)(br)

,"AIR,150 •Jdry BG,150 0 .02M cps - 0.'" TI(ft)(hr)

1 o20 Vapor,100 - 0.011 cps - 0.0266 lb/(ft)(hr)

,BG1,,O0 = (24..394 x 0.019 + 1.054 x o.on) f 25.448

= 0.01867 cps - 0.0452 lb/(ft)(br) 1
2 U 0.5 (0.01867 + 0.0202)

U 0.01945 cps .0o47 lb/(ft)(hr)
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1,4" 7 x 359 x (100+ 460) . 158.9 ft3 /lb-moie

IN 492 37.8/

Vsw, Ix - 158.9 x 0.8615 mols air/min x 0.9945 mols sat. BG/mol air

- 136.2 ft 3/min

DOIN " 25.o44/136.2 m 0.1869 lb/ft 3

% ,: "13 O/1/62.4 - o.oo0

V14, OUT . . x 359 x (150 + 460) . 196.8 ft 3/lb-mole

33.25R

Vry BG - 196.8 x (0.8615 x 0.9265) - 157.1 ft 3/q.n

S -,y BG - 0.00249 aDr B 2 24.394/157.1 0 0.1553 lb/ft3

VDry BG - VS BG
T BOAvg 2.3 log VDr-y BG

a 157.1 - 136.2 * 1346.6 ft 3Imin

2.3 log

WVB,Avg - (25.144&8 + 24.3914) 2 - 24.921 lb/min

- 1495.3 bA/r

rBG,Avg - 24.921/1146.6 -o.a 7 1bif3

. SAvg a 0.00272

C. Amounts of Drying Agent

"(i) Calcium Chloride Section

Bais of 15001 and -. 14.7 psia

efficiency 4 3600 ppm (equilibrium cone. . 0.95)
at 1900 hr-1 SV

Capacity - 30, or 0.30 lb NaO/lb agent

Otressure In the drier after s0stracttng gradual enlargemnt los.

MApprox. P when gas leaves bed, based an pressure losses.
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Gas flow at design conditions : VSBG, aye

Bed volume - volume for 1900 hr"1 9V

" .1147 t 3  60m h- -4.65 ft 3

min hr 19o0

Weight of CCa 2

bulk density - 51 lb/ft 3

weight 4.65 x 51 - 237 lb

Concentration of water entering CaC12

N2  79 lb-moles

C0 2  13.5 lb-moles

Fuel Vapor 0.15 lb-moles

H20 6.80 lb-moles

15 1.054 to drier
R20 - 1 1.054 + ".272 (condensed) 6.80

% n2o v/v 4S.8 1 99.45)x 100 - 6.84

= 68,400

Concentration of water leaving CaC12 - 4600 ppm

% removed - 93.3%

Water removed during average flight

use average flight data, not design data

Removed in 1 flight by complete drier = 6.07 lb

Removed by CadJa - 6.07 x 0.933 - 5.67 lb

Capacity of Cacd 2 (80% of estimated value)

237 lb x 0.30 lb/lb x 0.80 - 53 Ib water

Flights without regeneration
53 ÷ 5.67 - 9.34 flights

average flight time = 3 hours

Hours without regeneration 28 hours
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To attain 50 hoursp increase by proportion

237 x 50 1 28 4 1i2 4 lb CaC. 2

Volume and length

Superficial velocity should be in range 50-100 fpn

l47 ft 3/min ÷ 75 ft/min 1.96 ft 2

. Choose duct having 2 ft 2 transverse area

Volume - 424 lb 51 lb/ft 3 - 8.31 ft 3

Length - 8. - + 2 14.16 ft

Weight of CaCI 2 - 424 lb

Volume of CaCd2 - 8,31 ft 3

Dimensions - 1 ft x 2 ft x 4.16 ft long

(2) Calcium Sulfate Section

(on basis of 150*F and approx. 14.7 psia)

efficiency = 100 ppm at 400 hr-1 SV

capacity z 1.0%, or 0.01 lb H2O/lb agent

Gas flow at design conditions

assume same as in CaCl2 = 147 ft 3/min

Bed volume = volume for 400 hr"1 SV

147 ft3 160min Ihr 221ft3main I60rain 4~r00 "•i

Weight of CaSO4 - volume x bulk density

- 22.1 ft 3 x 75 lb/ft 3

- 1660 lb

Water removed in average flight of 3 hours

total removed in drier - amount removed in CaC12

6.07 ib x (1.00 - 0.933) - 0.407 lb
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Capacity of CaS0 4 (use 80% of estimated value)

166o lb x o.ol lb/lb x 0.80 - 13.3 l

Flights without regeneration - 13.3 0.407

- 32.6

Hours without regeneration - 3 x 32.6 - 97.8 hr

Hours without regeneration-98

S&.uary of Drying Agents

Agent CaM 4  Ccombined

volume, ft 3  8.31 22.1 30.4

weight, lb 424 1660 2084

length, ft 4.2 13.0 15.2

hours (no regen.) 50 98 50

(3) Recalculation to Save Weight By Utilizing Excess

Capacity in CaSO,

Excess capacity - 58-50 4 48 hr

Water vquivalent

48 hr x 0.Co7 lb/f.igt - 3 hr/fligt

6.53 lb water capacity in excess

Adding to CaC1 2 capacity (53 lb water on 237 lb agent)

53 + 6.53 5.67 - 10.5 flights

10.5 x 3 " 31.5 flight-hours

Revised deficiency - 50-31.5 - 18.5 hours

1. hr 1 23728hl 5 Ib CC_
- 156 lb CaCk2

Total quantity CaCl 2

237 + 156 393 lb

393 Z 51 -. 7.72 ft 3
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Revised Surmary of Drying Agents C&Cl 2 and C&SO4

Agent CaC2 CSO4  Combined

volhej, ft 3  7.72 22.1 29.82

weights lb 393 166& 2053

length, ft 3.&3 11.0 14.86

hours (no regen.) 50 50 50

(4) Use of Zeolite as Higb-Efficiency Agent

Bases: 10 ppm efficiency at following conditions

150*F and v 1 atm

L/D >I

linear velocity < 100 ft/min

Norton's H-Zeolon, 1/16" dia.

Capacity 0.015 .bs/lb agent

Velocity in 1 ft x 2 ft duct

1417 ft3 /min Z* 2 ft 2 - 7. tn
Weight of agent (using 80% of stated capacity)

lb H2 0 flight boars
- flight hours continuous run capacity x 0.8

0.4o7 i 5o
" 3 01 0.od I1o.b

Volume of agent (38.5 lb/ft 3 bulk dinsity)

565 lb 1* 38.5 lb/ft 3 -1L4.7 ft 3

ength of bed and L/D

L - 14.7 ft 3 S. 2 ft 2  7.35 ft

equivalent circle diameter

D : (8 f:T)0.5 = 1.6 ft

L/Z 7.35 3".6 4. •
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S&u==7y of Drying Agents Ca&'. and Zeolite

Agent __ Zeclite Cc~bine4

volume, ft 3  8.31 14.7 23.0

veight, lb 424 565 989

length, ft 4.2 7.35 11.55

hour. (no regen.) 50 50 50

D. Cooling

Q - 87,900 BTJ/hr

W•Q,Avg - 1495 lb/h-

Wcoolng H2o - 1758 lb/hr

150"y
Gas

13001
100*F :

::a~Waterý
B0or

Hot Fluid Cold Fluid Difference

150"F Higher temperature 13020F

1001F Lower temperature 80*F 20OF

50*F Difference 50*F 0

A tmean 20o?
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A constnnt temperature diffcrence of 20*F exists throughout the
entire drier. Therefore it is assumed that no correction of A t is
necessgry.

Caloric Temperatures

Arithmetical averages are sufficient, thus for BG Tc 125°F
for cooling water tc= 105F.

Consequently:

For BG Avg at 125*F

/QBG,Avg = 0.047 lb/(ft)(hr)

IIGAvg = 0.17 lb/ft3

Sd SAvg = 0.00272

C - 0.248 BTU/(lb)('F)

kG, AVg = kA 0.163 BTU/(hr)(ft 2 )(F/ft)

•d= 1

(cpBdkBG)1/3 = 0.894

For cooling water at 105Z F

)LJ =1.67 lb/(ft)(br)

= 61.93 Lb/ft 3

Sti

cp 1 BTU/ (lb)('F)

k = 0.363 BTU/(hr)(ft 2 )(F/ft)

(c• /k)1l3 a 1./3

"For tube material (aluminum) at II5*F

kt - 117.2 BTU/(hr)(ft 2 )(F/ft)
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Tubing and Duct

S-•-wJtl: 2. ft ---
SLb= z ft

Figure F-8. Drier Tubing and Duct

Aluminum tubing:

ODt 0.5" wall = 0.02" IDt 0 o.46"

Fins: bf = 0.25" thf = 0.035" Nf = 8 fins/inch lin.

Arrangement: 12 tubes per bank in square pitch

Af = 0.7854 ft 2 /ft lin.

AoM =0.0943 ft 2 /ft in.

Pp - 9.44 ft/ft lin.

ded = 0.0 6 ft

at * 0.0115 ft 2

At/b 0.01385 ft 2/bank

det 0.0383 f1

ait = 0.20 ft 2 /ft lin.

Ait/b 2 x 12 x Ait = 2.89 ft 2 /baxL.

Yb= O.0146 rt

re-rb = 0.0208 ft

re/rb - 2

Heat transfer - duct side

a. = 2 x 2[l 12 - 12 (o.05 + 2 x 0.035 x 0.25 x 8)]

- 103.7 2 - 0.72 ft2
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Gd = 1495/0.72- 2,077 lb/(ft2)(hr)

Red - 0.06 x 2,077/0.047 2,700

ji - 282)

h = 28 x 0"°163 x o.894 x 1 = 6.8 BTJ/(hr)(ft 2 )(°F)S~0.06

hd - Avg SBG and Dry BG = (602 + 500) " 2 551 BTU/(hr)(ft 2 )(*F)

5 _. 551 x 6.8 . 6.7 BTi/(hr)(ft2)
551 + 6.8

Heat transfer - tube side

Gt - 1758/0.o0385 = 126,950 lb/(ftý(khr)

Ret = 0.0383 x 126,950/1.67 = 2,910

v = velocity of water in tube

v - 2t 126P950 = 0.57 ft/sec

3600/0 3600 x 61.93

bi = 215 x 1.055 = 226.8 BTLI/(hr)(ft2)(.F)(4

h =i 500 BTU/(hr)(ft2 )(F)

hai 50 x 6. = 146 BMr./(hr)(ft 2)(oF)• = 5o0 + 266.8

Heat transfer - design U, area and number of banks

(re-rb) (I'f/ktYb) - 0.0208 (6.7/17.2 x o.0014,6)

"= 0.132

XL 0. 99 (3•

h'fi = (0.99 x 0.7854i + 0.09425) (6.7/0.120)

4.8.45 BTJl(hr)(ft 2 )(oF)

Udi 4 8.42 x 146
S•4b.45 + l146,Udi=

Overall design coefficient - 36.4 BTu/(br)(ft 2 )
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A =. 87,0o - 120.8 ft 2AiT 36-.4. x 20

Nb - 120.8/2.89

Number of banks - 42

The larger portion of water is removed by CaC1 2 , consequently
most of the absorption heat will be generated there. Thus, most of the
cooling has to take place there.

Fraction of water removed by CaCl 2 = 0.933, and this fraction
of heat is removed in CaCI 2 section.

Nb in CaCl 2 - 42 x 0.933 = 39 banks

Nb in CaS04 = 42-39 = 3 banks

or Zeolite f

Each of the two desiccants is in a separate section measuring
l' x 2' in rectangular cross-section. The two sections are separated by
a screen (see Figure F-9).

Volume occupied by the tubing

Vt/b = volume occupied by the tubing of one bank

Vt/b L "b [ODt 2 + (oD2f- oD2t) thf N.f] Nt/b

. •- 2 x 12 [0.52 + (12_o.52) 0.035 x 8] 12

104- inch3/be-nk - 0.0602 it'/baiak

Volume and Dimensions of Sections

The transverse area is 2 it 2 , and the side wall dimensions are
2 ft x 1 ft. The volume in each section acconmodates both agent and
cooling tubes. Using the CaC12 and zeolite combination:

For CaC1 2 section

Volume agent = 8.31 ft 3

Volume 39 banks of tubes = 39 x 0.O0.2 - 2.35 ft 3

Combined volume 10.66 ft 3

Length = 10.66 Z 2 = 5.33 ft
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Spacing of banks (5.33 . 39) x 12 - 1.64 inch

to

For Zeolite Section

Volume agent - 14.7 ft 3

Volume of 3 banks of tubes - 0.18 ft 3

Cinbined volume - 14.88 ft 3

Length - 7.44 ft

Spacing of banks = (7.44 . 3) x 12 - 29.8 inch

Note: This spacing is obviously not satisfactory for actual design; a
detailed study would provide for a more uniform distribution of the heat
transfer surface.

E. Pressure Losses

Pressure loss inside tubing

v = 0.57 ft/sec Ret - 2,910

f - 0.00039(6)

APt - 0.27 psi

A Pr = (41 - 2) x 2.5 x 0.27/(42 x 2) - 0.35 psi

Total A P = 0.27 + 0.35

LPT.water 
= 0.62 psi

Pressure loss on the duct side

The pressure loss in the duct side of the drier is the sum
of the following pressure losses:

a) Pressure loss due to gradual enlargement in the
diverging cone (-A Pj) which is equal to 8% of the
gage pressure in the incoming gas.

b) Pressure loss due to friction through the packed
bed (- AP 2 ).

o) Pressure loss due to banks of cooling tubing (A AP 3 )
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d) Pressure loss due to removal of water (=•P 4 ), that is,
loss of fraction of gas volume and consequently its
partial pressure.

e) Pressure loss due to gradual contraction in the

converging cone (-.- P5) which is equal to 2% of

pressure (gage) in the gas reaching that cone.

The pressure losses in the three screens are negligible.

Due to the presence of cooling tubes in the bed, the volume of the

bed increases from 23.0 ft 3 to 23.0 + 2.35 + 0.18 = 25.53 and the length from

23.0 ft Z 2 ::l 1.5 ft to 25.53 ' 2 a 12.7 6 ft. Therefore, A P2 has to be
determined for this new length of 12.76 ft. A combined P2- 3 loss is calculated

for L = 12.76 ft.

(i) AP 1 - 0.08 Pin
= 0.08 x 25.1 - 2 psi

(2) A P 2 - 3 is det rmined r-ioying the method of Aluminum Company

of America( MJ-, for 8-14 &e-ah grannles. Both zeolite extrudates
and the CaCI2 granules are in this size range.

R'e - K1 G0

""Re =,modified Reynolds nmober

K1  - 0.264 ft
Go = superficial mass velocity based on empty

drier cross-sectional area, lb/(ft2 ) (hr)

Ad = 2 ft 2

W - WBG Avg = (1,527 + 1,1464) . 2 1,,495 lb/hr

Go -rd-, 747.5 Th/(ft 2 )(hr)

iL .P$3 Avg 0.047 lb/(ft)(hr)

, .X .V,. 4-.,200

0.0147

(f/iff) - 0.0425 from plot(•)

= (fltf) 002 L
2-3 144 psi

(f/If) = modified frictitan factor

L " depth of bad, ft

48W- I8 ft2 /h

SL - 12.76 ft

a0.17 bf
- PBG Avg l/t

0.0425 x (747.5-2 x 1.7 .Sj AP2-3 • x 0. 17 X 144
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(3) AIP is determined assuming it takes place at the midtoint
of the CaC1 2 section, that is, after the gas loses pressure
through 3 ft of bed, which is 0.6 psi. Thus, the pressure
of the gas at this assoume4 point is:

[Pin - (Ln P1 + 0.6)].- 25.1 - (2 + 0.6)

- 22.5 psig or 37.2 psia

The total number of lb-moles of water vapor and gases in
saturated BG is

0.862 x 0.994 - 0.857 lb-moles/min

and that of the absorbed water is

1.054 lb/min f 18 lb/lb-mole = 0.0586 lb-moles/min

Thus

A P4 (0.0586 x 37.2) " 0.857 - 2.54' psi

(4) The pressure at which the gas reaches the converging cone is

[Pin- ("P 1 + + "P23 4)- 25.1- (2 + 2.53 + 2.54)

p = 18.0 psig
C

and

A P5 = 0.02 Pc

= 0.02 x 18.0 - 0.36 psi

(5) Total pressure loss in the drier

AnP• -Z•Pi
PT - ±&

= 2 + 2.53 + 2.54 + 0.36

A PT "7. 4 3 psi

Consequently, dry BG leaves the gas drier at 25.1-7.4 = 17.7 psig
(32.4 psia).
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The above pressure of 31.4 psia is more than double the assumed
pressure in the fuel tank (15.54 psia). However, tht following pressure
losses have not been included: (a) losses In connecting pipes, because
we do not know how long they are and how many bends there will be, (b)
losses in control valves and instruments through which the gas will flow.
Also, when calculating expansion and contraction losses we assumed these
would be gralual processes. Because of space considerations, it may not
be possible to accomiodate the transition pieces which provide gradual
expansion or contraction, in which case the losses would be larger than
those shown.

Nevertheless, there appears to be a sufficient margin for

operation of a pressure regulator at some position in the subsystem.

G. Gas Filter

The ballast gas passes through a filter before entering the fuel
tanks so as to prevent carryover of dust from catalyst or drying agent.
The filter is of glass fiber mat construction and is probably best located
at the exit end of the drier. It must be accessible for periodic cleaning
and replacement.

The pressure loss through this type of filter is measured in
inches of water, and is neglected. An allowance of 3 pounds is made for
the weight of the filter and housing.

H. Cooling Water TaLk

As stated above, the amount of water per flight is 266 lb. This
water occupies a volume of 4.3 ft3. An aluminum or plastic tank may be
used. A variable speed pump is necessary to deliver the water to the drier,
to RE 3, and subsequently to the combustor.

The weight of the tank includes resistance heaters with a simple
control circuit to prevent freezing of the water. Ths

Weight of tank 24 lb

Weight of water 266

Weight of pump (est.) 16

306 lb

I. Weight Sumary

The drier is made entirely of alunim. The outer wall is assumed
to be 1/8-inch thick, because of the weight of the desiccants. It Is
possible that with properly situated reinforcements it may be thinner. The
volume of the material in the outer wall is 1,560 inch3 , thus the weight of
outer vail is

1,56o x o.o09 - l5LŽ
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The tubing material volume per bank is 56.9 inch3 ansi the weight of all
banks of tubing is

56.9 x 0.099 x 42 - 2_
Thus

Weight of screens 10 lb
Weight of outer wall 154
Weight of cooling tubes 237
Weight of desiccants 989

Total 1,390 lb

Drier Weight

The aggregate weight of the drier and auxiliary equipment is as
follows:

Drier with filter 1,393 lb

Water tank 306
1,699 lb

Total weight, drier and auxiltaries = 1,699 lb
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APPENDIX G

DESIGN CALCULATION, E(JIPMENT FOR SST
FLIGHT PLAN NO. 2

I. Assumptions and Conditions

As stated in text, Section V-6-m.

II. Method

A. General

Weights of components are determined by application of scaling
and other factors to the weights of corresponding ccmponents in Flight
Plan No. 1. In one instance (the segmented ccmbustor)s weight is obtained
using as a basis the design of the combustor for the Tactical Aircraft,
Case Analysis II. No effort is made to generate designs and dimensions
expressly for this situation. No checks are made for pressure drop
through the subsystem.

B. Scaleup Factors

In cases where viscosity and cross-section differ fron one
situation to the other, a heat load factor, FQ, and a Reynolds number
fu or, FRe, can be used. The former parameter is a direct proportionality

FQF

and provides a correction in equipnent weight according to the change in
heat load. The second parameter reflects the change in heat transfer
coefficient and surface area relating to Rey-nolds number:

and operates inversely.

In the event there is no change in viscosity or cross-section,
mass velocity increases with the pravmetric flow rate and causes a pro-
portional increase in heat transfer coefficient and reduction in transfer
surface. Thus, one can make use of a weight factor# Fwa defined as

F~*WFP1
WFP2

Finally, if the cross-section changes but the viscosity remains constant,
the mass velocity factor, FG,

FG "G

QFP2



is applied as a correction representing the change in heat transfer
surface.

With the exception of Fq, the above factors are based on
the assumption that surface (.-. weight) is inversely proportional to
Reynolds number. This is approximately but not exactly the case. The
actual relationship is logarithmic.

Another scaleup factor used where appropriate is the
temperature difference factor, FAt. The heat transfer surface is taken
as inversely proportional to the ratio of At or IMTD values, FP No. 2/
FP No. 1.

III. Vaporization Chamber

Fuel to vaporize - 6.64 lb/min 60 gph at 60eF

=73 gph at 4 25"F

Spraying Systems Company spray set-up No. 42 is selected. This nozzle
requires a fuel pressure of 60 psig (thus a fuel booster pump is necessary)
and 4.6 scfrm of air to atomize the necessary amount of fuel. The spray
cone angle is 22" and its minimum length is 46 inch. This gives us the
following vaporization chamber (316-Ss):

OD n 20 inch

Wall thickness = 0.25 inch

Overall length = 6.55 ft

Weight - 202 ib

Because the flow rates are larger, pipes of larger diameter are

employed. It is estimated that their weight will be three times that
of SST FP No. lo thus

3 x (19.3 + 13.6) 2: 100 lb

Heater

Although it is necessary only at the start of the flight, as a
precaution the capacity and weight are increased to double the values
used in FP No. 1, thus:

2 x 12 24 lb

Total weight of VC, piping and heater

Supply and outlet piping 100 lb
Spray nozzle 1
Vaporization chamber 202
Heater 24
Reaction fuel booster pump 10

Total 337 lb

315



IV. Combustor

wBG 5,852 lb/hr

-R 4,P382,000 BTU/1r

"W20 cool - 9,500 lb/hr

The differences in UWD, At, viscosity and other physical constants
are, from a practical standpoint, negligible.

A. Scale-Up of Radial Reactor

Fq . ', 382,0 - 2.77 (more beat to be transferred)
1,583,000

Assming that the length of the combustor is 2.77 times the length
of the radial combustor used for SST PP No. 1, and that the tube size,
number and arrangement is not changed (therefore the diameter remains
uncha:ged), we get

a. a 7.625 x 2.77 a 21.1 ft 2

and consequently

GS 5852 - 280 (will give larger Re and therefore larger hf)21.1

hence

F ; .210 0.75
280

Thus, the scale-up factor FSCU is:

Fsc 2.77 x 0.75 2.0 8
_cU

Therefore, the weight of the combustor will be 2.08 times the weight of
the combustor used for SST FP No. 1:

2.08 x 694 - .11u lb

B. Design of a Segmented Combustor

The data for BG and coolant are the same as for Tactical AC,
water vaporization section of combustor (Appendix H).

The selection of the duct cross-section to use is based on the
inont of catalyst. From Table XXV for 75% conversion:

22 lb of catalyst or 0.542 ft 3

A 2 x 2 ft duct is selected, and 4 layers are assumed.

316



Volume of Catalyst

SThickness, inch ft 3

1 0.25 0.083

2 0.375 0.125

3 0.5 o.167

4 0.625 0.208

Total 1.75 0.583

Weight of catalyst - 0.583 x 40.6 - 23.7 lb

Weight o: 8 screens, each 4 ft

8 x 4 x 1.7 - 54.4 lb

There will be 64 heating elements, each 2 ft long, thus

64 x 2 x 0.1 = 12.8 lb

Heat Transfer Surface

Tubing: ODt = 1" wall - 0.035" It = 0.93"

Fins: bf - 0.25" thf - 0.035" Nf - 8 fins/inch

ODf - 1.5" re - 0.75" rb - 0.5"

Arrangement: square pitch, Nt/b - 16

ST - SL Vs - 1.5 inch - 0.125 ft

Duct Side Tube Side

Af = 1.309 ft 2 /ft at = 0.00472 ft 2

Ao  _ 0.189 ft 2 /ft At/b - 16 at " 0.0755 ft 2 /bank

Pp - 9.44 ft/ft

des 0 .lOlft at 0.0775 ft

a -o.96 ft 2

Gs 6,100 lb/(ft 2 )(br) a 125,900 m/(m2 )(h)

Res - 6,1480 Ret a 29,600

Jf " 52.5(1) i " 96(2)

a -18.6 BTU/(br)(ft 2 )('F) ai - 357 BTU/(br)(f)('F)

hf - 18.1 h - 208
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re/rb 1-5

Yb O.oo016 ft kt - 13.92 BTU/(hr)(ft2 )(°F/ft) for 316-SS

(re-rb) a - .622

0:,. 085 (3)

o .24 .rt 2/ft

t/b a 316 i x 2 =7.79 ft 2 /bank (2 ft long)

hfi a 96.6 BTU/(hr)(ft
2 )(°F)

DUi a 66

AiT - 59 ft2

Nb - 8 baks

The pressure drop inside the tubing is approximately 32 psi. This would
mean that either larger tubing is necessary or a water booster pump has
to be used.

Fuel Preheating Pipe

WF 400 lb/hr

q * 333 BM/min 20,000 oo /hr

Hot Fluid Cold Fluid Difference

13370-F Higher temperature 425*F 9122F

1337 Lner temperature 350*F 987

0 Difference 75 75

I=r* 950F
pW 40x0= .• (Uerger size tubin to use)

110

FQU - U 1.015 (slightly more heat to transfer)
328

858 0.903 (maller heat transfer surface because
950 of larger IMD)
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FSC.U 3.64 x 1.015 x 0.903 =

Weight of tubing - 3.33 x 5 " 17 lb

Weight of the Combustor

Catalyst 23.7 lb

Screens (8) 54.4

Heating elements 12.8

Cooling tubing (44 lb/bank) 352

Duct, baffles (Hastelloy C) 170

Fuel preheating tubing 17

Total 630 lb

V. Heat Exchanger No. 1 (HE 1)

The heat and mass balance calculations for design conditions of FP 2
were done, based on the heat transfer surface determined for FP #1. This
is not unreasonable because the combustion air needs nnly 100*F of preheat
in FP #2 and the total heat duty is correspondingly reduced. Therefore,
the weight of HE 1 is the same in both flight plans. (It is recognized
that a check of pressure drop might show the need to enlarge the tube size.)

Weight of HE 1 = 1748 ib

VI. Ccmbinatli n HE 2 and HE 3

A. HE 2 section

This section removes relatively more heat in comparison to FP #1
due to the reduced beat duty in HE 1.

WBG, Avg - 5,790 lb/hr

Q - 1,519,000 BTU/hr

WF cooling 49,ooo T/hr

Hot Fluid Cold Fluid Difference

1244*F Higher temperature 350 894

340 Lower temperature 300 40

904 Difference 50 854

3
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IM D=275.5"F R =18 S O.O5 FT = 0 .975 At =267

F- ,212,000 15.84 (more heat to transfer)96,0o0

F 9 4 • = 0.352 (improved heat transfer via larger At)
At 267

Fw 1603 = 0.277 (improved heat transfer via larger mass
5790 velocity of BG)

Fsc.. • 15.84 x 0.352 x 0.277 -1.4_4

Thus a larger heat transfer area is necessary, which affects the
weight as follows:

1.544 x 157 =205 lb

A further correction is needed to allow for larger tubing because
the flow rate of fuel coolant has increased 15-fold. Inspection of tubing
charts indicates the increase in weight per linear foot will be 15-28%, and
a value of 20% is chosen. This is applied to the weight of zubing only,
which represents 109 lb in the exchanger for FP #1.

(109 x 1.544) x 0.2 = 34l

Therefore, the weight of HE 2 section becomes

205 + 34 =

B. HE 3 Section

wBG - 5,66o lb/hr

Q = 54oooo BTu/hr

WH2o cool = 4,560 lb/hr

The only items that change are the flow rates and the heat laod.

q 540, 000 = 3.1 (more heat to transfer)
174,000

FW 160 = 0.283 (improved heat transfer at higher
WBG 5660 mass velocity)

FSCU = 3.1 x 0.2831= 0.9

320



This indicates that no increase in heat transfer area is necessary.
However, to avoid an excessive pressure loss in cooling water, tubing of
larger size in required. A 15% increase in tubing weight is estimated, thus

127 x 0.15 - 20 lb

and HE 3 will weigh 205 + 20 225_ b.

VII. Drier

WBG, avg 5,12

q = 302,000

WHLO, cooling = 5MO5O lb/hr

No pressure losses suffered by the BG were calculated. Because it
has been assumed that a large loss takes place in the tubes of HE 1, it
is estimated that the BG will reach the drier with the same pressure as
in the case of SST FP 1, namely 37.8 psia, despite the fact that the initial
air p=essure is higher (160 psia) in FP #2.

VSG, in - 158.9 (3.145 x 1.012) - 506 cfn

VDry BG, out 196.8 (3.145 x 0.944) = 584 cfm

VBG, Avg - 545 cfm

Usinr the sumz ry of data for CaC12 and zeolite (Section VII,
Appendix F) and applying the volumetric factor

FVol 2255 - 3.708 we get:
F,1M147

Agent C Zeolite Combined

Volume, ft 3  30.8 54.5 85.3

Weight, lb 1,572 2,095 3,667

Length (ex tubing) 5.14 9.08 14.22

Hours (no regen.) 185 185 185

The length is a function of the cross-section, which in turn
is a function of the parameters and reccnendations for zeolite desiccant
given in Section VII, Appendix F.
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Cross-section: width = 3 ft

height 2 ft

area u 6 ft 2

Gas velocity = 545 Z 6 90.8 ft/min

Length zeolite section = 54.5 1 6 9.08 ft

Equivalent circle diameter [(4 x 6) ÷ 0.5 = 2.77 ft

L/D = 9.08 ÷ 2.77 = 3.28

Thus the above cross-section satisfies all the crite-ia
for zeolite.

Using the same size tubing as in SST FP 1, the following
changes take place because of the new c.-oss section:

*Nt/b =24

a. = 2.16 ft 2

G. - 2,510 lb/(ft 2 )(hr)

At/b = o.oz77 ft 2/bank

Gt = 198,600 lb/(ft 2 )(hr)

Now:

Fq * 302,000 - 3.44
87,900

F 2,077=082
FGs 2,512 0-827

Ft= L•'° - o.64
198,600

hence

FSC-U =3.4 4 x 0.827 x 0.64 =.82

Consequently, the weight of the cooling tubing becomes

237 x 1.82-431 lb
The duct weight is calculated for the new size of drier using

i inch thick aluminum sheets. Volume material 5,830 inch3, and the weight
is 577 2b.

3
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Screens (3 x 6 ft2 x 1.7 lb/ft 2) 30 ib

Weight of duct 577

Weight of cooling tubing 431

Weight of desiccants 3,667

Weight of gas filter 10

( cooling water 285

Accessories water tank 20

PUMP 30

Total 5,050 lb

Final Note

Optimization of the entire system for SST FP 2 in general, plus ad-
justments for the smallest possible pressure losses in BG, would lead
(in addition to general reduction in weight) to reduction of the volumetric
flow rate of BG (as it woald be under higher pressure). In situations where
the quantity of drying agent is dictated by performance efficienT-j: this
should result in a ftrther weight reduction.
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1. Kern, Process Heat Transfer, pp 555, 838, McGraw-Hill Book Company,
New York, 1950
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APPENDIX H

SHEAT AND MASS BAIANCE
AND EWUIPMtEl DESIGN FOP. TACTICAL AIRCRAFT

I. Material and Heat Balance for Design Conditions

Case II differs from Case I (for the SST) mainly in that
exchanger HE 3 is omitted because the fuel used as coolant in HE 2 is
cold enough to condense a substantial amount of water from the combustion
products, and deliver the uncondensed gases to the drier at 85*F. A
minor difference between the cases is that conversion level in Case II is
750 versus 96% in Case I. In view of the similarity in calculations to
those presented in Appendix E, fewer details are listed.

Conditions and flows are set forth in Figure 43. Following

is a tabulation of the important values.

Molar volume of vapors in fuel tank 476 ft 3/lb-mole

Air requirement (volume) 1814cfn

(lb-moles) 0.386

(weight) 11.2 lb/min

Water formed 0.73 lb/min

Fuel requirement 0.833 lb/min

Combustion 1roduct Mixture:

Component % Vol. % Wt. Flow, lb/mm

N N2 74.71 71.36 8.57

C02  9.93 14.91 1.79

1H20 9.93 6.10 0.73

02 4.97 5.42 0.65

0.l46 2.21 0.26
COOOO lO.O20.o

100.00 100.00 22.00

Excess fuel (condensable) 0.252 lb/min

(non-condensable) 0.013 lb/min

Dry BG (ex non-condens. fuel) l1.0 lb/mmn

Preheat temp. (air + fuel mixture) 1,120F

Beat removed via combustor coolant 9,060 DTU/min
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3qet traunsferred in IN 1:

to air 303 BM/min

to fuel 74 B7U/in

Temp. of BG leaving H l ,23 7

Condensed in HE 2:

water 0.439 lb/ain

fuel 0.252 lb/ain

Heat removed from B1 in HE 2 14,330 BTU/Rin

Flow of coolant (fuel') to EM 2 95 lb/Din

Temp. of BG leaving HE 2 85OF

Fraction of water condensed in HE 2 60%

The remaining 40% of the combustion water is removed in the drier. However,
in calculating the capacity of the drier over an entire fligt, allowance
must be made for the fact that during 75% of the flight average conditions
prevail and 70% of the water is removed by condensation. Thus, over the
fligt:

Water condensed 2.86 lb (67.5%)

Water absorbed in drier 1.37 lb (32.9%)

Heat duty in drier 414 BTU/Min

Coolant flow to drier (and combustor) 8.3 lb/min

Temp. of coolant (H20) leaving drier 89.59F

The water leaving the drier at 89.5F is delivered to the combustor for
cooling duty, where it is converted to steam.

The molar quantities for design calculations are as follows:

HAir = 0.386 lb-noles/zin

, e - 0.392 lb-oles/ain

~~ - 0.4.09 lb-moles/Din

BG = 0.366 lb.noles/Min

S(includes dry gas plus non-condensed fuel vapors)

X4oist Ballast Gas
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II. Equipment Design

The following presentation highlights the calculations and sum-
marizes the results; details are given only where the calculation
methods differ essentially from those used in Case I.

a. Air and Fuel Feed

1. Air Pipe from HE 1 to Anulus of Vaporization
Chamber Outlet Pipe

The air in this pipe has been preheated in HE 1.

Wair - f.2 ib/m.. - 670 lb/hr

t - I,300*F

P - 36.0 psia

Pipe material - 316 8S

OD 2.25 in ID =2.12 in

Re - 0.1767 x 27,400/0-1007" 48,000

A - 1.85 psi/1o ft pipe

equivalent length (incl. fittings) - 35 ft

A P - 1.85 x 0.35 -o.65-psi

P.I reaching arnnulus of outlet pipe cunnecting
vaporization chamber and reactor - 35.3 psia

W "- 6 x(1.5 IWfO -.9 lb

2. Vaporization Chamber Inlet Pipe

Air for atonization - 3.7 cfm

.12.2 lb/hr

Pipe material - 316 SS

OD O.5 in ID O.48 in

Re 390
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P 0.o7 psi/loot

eq~uivalent length -12 ft

P - 0.01 psi

Pair reaching nozzle - 35.0 Pit
weigbt of pipe• m5 x (o.u b/ft). 0.

3. Preheat Fuel Pipe

1, 0. 8 33 lb/in•510 lb

t 1300*F

Pipe material -316 SS

1/8" IMS sche.ule 5

D- 0.405 in ID - 0.335 in Wipe - 0.14 lb/ft

Re - 2,530

A P - 0.29 pai/100 ft pipe

equivalent length 11 ft

Aip 0 .04 psi

Weigbt fuel pipe l l,

Z4. Vaporization Chamber (VC)

Nozzle

The fuel delivery is 0.151 an

Nozzle No. 22 of Spraying Systems Co (Beiood,
UlInots) is selected.

Weight of nozzle 0.5 lb

pray ne enth- 18n

Minimu cone length -27 inch
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VC Dimensions and Weight

Referring to the following diagram which represents
one-half of the transverse section, by geometrical relationships we find:

S~IS.

Y . z

Y = 30.2 in

R -.4-.78 in
z = 717.8 in

Since ID of inner core of outlet pipe is 1.22 in,

r = 0.61 in, thus

X 15.6 in

'Vc =42.6 in

A~3.6 ft
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ID•C 2 R 9.5 6 in

vall thickness - 0.125 in

ODvc - 9.81 in

Using a density of 0.29 lb/in3 for 316 Ss, the
veight Wvc - 27 lb

Pressure Drop in VC

The total loss of pressure in the nozzle and vaporization
chamber is estimated at 20% of the gage pressure of the air reaching the
nozzle. Thus

A P - 0.2 x 21.0• - 4.21 psi

and the fuel-rich mixture leaves the vaporization chamber at 16.8 psig
or 3L.5 psia.

5. Heater for Vaporization Chamber (VC)

During the startup period, air is available at 250F,
and cannot be preheated in HE 1 u.•til the combustor approaches operating
temperature. Temperature, enthalpy and flow rate data are used to calculate
the amount of heat to supply via electric heaters to insure vaporization of
the fuel.

- 5,010 BTU/hr

The required heater is

u1.5 XVS3,T1_0

However, during sudden accelerations it may beccme
necessary to have additional heat, hence a 3 KW heater is asmmed, and its
weight is estimated at 3 lbs.

Note: This heater functions only to heat the fuel-rich mixture
passing through the VC. The bulk of the combustion air is
heated by elements located within the annulus of the VC
outlet pipe, and the final mixture obtains heat from elements
located in the combustor.

6. VC Qitlet Pipe

This double pipe is designed in such a way that both
fluids (fuel-rich fixture fro VC and the bulk of the air) arrive at the
combustor with the same pressure. The pipe for Case 33 is the same as that
used in Case I, and details are given in Figure F-2 in Appendix F.
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Inner (core) Pipe for Fuel-Rich Mixture

WFA mix 12.2 + 50 62.2 lb/hr

tmix , 1,120*F

In a manner similar to that used in Case I it is determined that

GF-A mix = 7,700 lb/ft 2-hr

Re - 11,100

A P10 0 - 0.14 psi/l00 ft

Since 2.8 ft of pipe w211 be used,

0P o.14 x 0.028 . 0.004 nsi

and the fuel-rich mixture wiln reach the combustor
at 16.8 psig.

Annular Space for Air

Wa - 11.7 lb/mn = 664 ib/hr

t a 1,120"F

Again, by methods used in Case I, we find

Ga - 56,30o lb/ft2-hr

Rea = 9,000

The air reaches the annulus at 20.6 psig (see above)
and the fuel-rich mixture reaches the combustor at 16.8 psig. Equalization
of the pressure requires that the air stream lose 3.8 psi on passage through
the annulus.

Consequently, the length of -ýhe pipe is

j38 = 2.8 ft,
1.3~ =

Weight of the VC outlet pipe

The weight of the double pipe, with fins and heating
elements is 4.65 lb/ft.

Therefore, the weight of the outlet piping is:

4&.65 z 2.8 - 13 lb

332

4i



7. Total Weight of Air and Fuel Feed

Air pipe (main) 9 lb

Air pipe (VC inlet) 0.6

Fuel pipe 1.3

Vaporization chamber 27

Nozle 0.5

Neater 3

Outlet piping 13

Added for fittings 0.6

Total 55 lb

b. Combustor

The respective advantages of the radial reactor and the
segmented reactor have already been mentioned. The segmented reactor is
chosen for the tactical aircraft mainly because it is simple to construct
with catalyst separated from cooling coils (hence no need for catalyst
diluent Just to submerge the coils). Reactant mixing is less easily
accomplished, however, and the temperature gradient through each layer of
catalyst is probably greater than vould be the case with closely spaced
coils in the radial design. Although not evaluated in this study, a
segmented radial design right represent a good combination of the favorable
features in each design.

Fig. 35 & 44 show schematically how the segmented reactor ties
in with other components, and also indicates the staged introduction of com-
bustion air. Determination of the exact amount of air to be admitted at
each stage has not been made. This will depend largely on safety considerations.
For the present conceptual design, a simplified approach is taken. It is
assumed that all the air and fuel enter the combustor simultaneously from the
double pipe inlet and mix well before reaching the first catalyst layer. To
assure attainment of the desired conversion level, thicker catalyst layers
are used as the advancing mixture of gases becomes more and more oxygen depleted.
Thus the first layer is shown to be *-inch thick, the second 3/8-inch and the
third 1/2-inch thick. Other layers, if necessary, may be thicker by the same
or different increments. The heat transfer surface requirements are calculated
for the total heat load (not for individual segments), and used to determine
the total nmber of cooling banks. No attempt is made to distribute or assign
a given number of banks to a giver segment. The pressure drop is calculated
for the entire unit, assuming some average property values for the gas.
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The cross-section of the combustor can be varied. It governs
the velocity of gases. Together with the required volume of catalyst, it
determines the total thickness of the individual layers, and the pressure drop
through the unit.

Distribution baffles are placed in the diverging entrance
sectlon of the combustor, to mix the entering gas streams and to distribute
the resulting mixture to the first catalyst layer.

The heating elements immediately in frontof the first catalyst
layer are used to preheat the combustor at the start of a flight, and to
supply additional heat when needed after the initial warmup.

L. Catalyst and Combustor Cross-Section

As previously calculated, the amount of catalyst for

75% oxygen conversion at the design conditions is:

0.066 ft 3 or 2.7 lb.

Several trials showed that a 1 ft x 1 ft square duct
provides a reasonable configuration, with three catalyst layers of 1/4",
3/8 in, and 1/2 in thickness. The volume of catalyst is distributed as
follows:

SThickness, inch Volume of Catalyst, ft 3

1 0.25 0.0209

2 0.375 O.0314

3 0.5 0.0419

Total 1.125 inch 0.0942 ft 3

Thus, the weight of the catalyat used is

0.0942 x 40.6 = 3.8 ib

This is about 40% in excess of the calculated amount. The excess is regarded
as assurance that the desired conversion will be achieved when a charge of
catalyst nears the end of its service life. Alternatively, the 40% additional
volume could be occupied by a low-density granular diluent, in which case a
reduction in weight would be effected, equal to

(o.o094 0.066) (4o.6 - 25.o) - o.44 lb

Six screens are required to keep the catalyst in place.
Assuming a 0.041 inch wire diameter the unit weight is 1.7 lb/ft 2 and the
weight of six screens is

6 x 1.7 - 10.2 lb
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2. Heating Elements

The heating elements are shielded elec,,. rqistance
wires. They are 3/16 inch in diameter and are spaced 0.3T •', to
Thus there are

12 f 0.375 - 32 elements.

They weigh about 0.1 lb/ft, thus their weight is

32 xO.1 -a .2I

3. Data for Transfer of Combustion Heat

The overall transfer of combustion beat may be described
as follovs:

WA. ix - WMG 12-.003 lb/min -720 lb/hr

W£o cooi- 8.3 lb/min - 500 lb/hr

S - 9,064 BTU/min - 54,000 BTU/hr

%20 Preheat - 500 x 1 x (212-90) - 61,000 BTU/hr

%2.o vpari•. - 500 (1,150.4-180) 483,000 BTJ/hr

Moist BG is to be maintained at 1,337°F.

Cooling water enters at 90&F, is preheated to 212••, then
vaporized to steam at 212?F.

1,337F Gas 1,337"F

22*F 212'F
Steam

*\90*?
water

Since cooling water reaches the combustor at 90"F and

leaves as steam at 2120F, two sections are considered (one in which water
is preheated to 212F and the second in which water is vaporized) rather
than one section for which the properties of water at 90'? are averaged
with those of steam at 212'F. Also, it is assumed that in the vaporization
portion the air-fuel mixture comprises 20% of the gas.
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(a) Water Preheating Section

Hot Fluid Cold Fluid Difference

1,3370F Higher temperature 212*F ,ol250F

1,3 3,j F Lo-er temperature 90F 1,247"F

0 Difference 122•F 122F

U'TIMTD 1,?247-1,125 1,185"F

2.3 log 1,25
.,2125

i•~~~~ •!R • oS 122 " .

FT assumed to be 1, that is, no correction

AT ljis5*F

" 1,337F for M

;te (90 + 212) 1 2 151 'F for cooling water

For MBG 1. ,!370F and 30 psia we get:

k
Component CConduct ivit(
Weight W, viscosity, Sp. Bfeat BTU/hr)(ftN)SCompnorent lb/mn cp A, W MIl(b)('F) C~vw (OFI•f) . kW

cog 1.79 0.0385 0.0689

12 8.57 0.039 0.3341
02 0.65 O.0l58 0.0298

,eO-Vapor 0.73 0.0363 0.0265 0.545 0.179 0.073 O.0W
Fuel Vapor 0.26 0.027 0.0072 0.815 o.216 0.0421 0.01
Ai- 1.01 - - 0.272 2.994 0.o388 0.14

Total 12.01" 0.4665 3.389 0.4!

oW 0.0389 0.282 0.01

m'Properties of air were used whenever properties of C02, 92 and 02 were
unavailable. The weight of air SI! equal to the sum of weightc of C02, N2 and 02

The total weight is equal to the sum of weights of C02, N2, 02, water vapor
t and fuel vapor (or air, water vapor and fuel vapor).
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/40 0.0389 c~s a0.0911 1b/(tt)(hr)

Cp 0.282 BTU/(lb)(*Y)

k BG 0.0~415 =T/(hr)(ft2)(,by/tt)

231
A 0 o0.862

V1 642 ft 3 /l.b..ols

-10.27 (111.7 f 30) -5ft3/lb

VB0 V) x (Nc~ + NH20 VaPOr) r j.. Ny(total)

x 1110)

o.4o07 v. + 0.265 T j'y - 263 cft

Sao 0.000732

For cooling water at 151'? we get

,4m0.1,1 cps - 1.065 Ib/(ft)(hr)

-ý C~1 B/(1b)(-?)

_k -0.376 ET'/(br)(ft2 )(*y/ft)

()1/3

0 - 0.05 cps

V - 0.01635 rt3 /lb

VH20 Cool

71.2 Coo -8.3 x 0.01635- 0.136 cfh 0.00226 oef
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(b) Water Vaporization Section

Hot Fluid Cold Fluid Differe•nce

1, 337"F Higher temperature 212*F 1,125

I,337"F tover temperature 212OF 1U225

0 Difference .0 0

Thus, in theory, a constant temperature difference

ot 1,125 exists at all times and no temperature correction is applied.

A t - 1,125°F

Tc - 1,337*F

t -" 212-F

Properties of Gases at 1337"F and .30 psia

These gases consist of 80% moist ballast gas and 20% air-fuel
mixture. For BG the values used in the water preheobzAg section apply. For
the air-fuel mixture:

Property Air Fuel Vapor Air-Fuel Mixture

,, lb/(ft)(hr) 0.102 0.065 0.099

Sp• BTU/(Th)('F) 0.272 0.815 0.31

k , BTU/(hr)(ft2 )(F/ft) o.o388 0.o021 0.039

VA.F mix VM X NAir + VF-V x

= 642x 0.387 + 5 x 0.833 - 252 cf•

The general expression used to determine the properties of interest:

PropertYAvg 0.2 PropertyA_. mix + 0.8 PopertyBG

- i0.095 lb/(ft)(hr)
YXAvg
C% A� "0.288 BT,/(b)(*F)

k 0 o.o4, /(hr)(t 2 )('/ft)

(P Avg X A Av) -0.87-

Avg

338



OAvg

VAvg 261 cft

Arg - 0.046 3b/rt 3

SA 0.00074

For Water and Steam at 212'F

Property Water Steam Average
/,, Tb/(ft)(h.) 0.63 0.0303 0.33
C%, 1TU/(lb)(*F) 1 0.35 0.68
k, BTu/(hr)(ft2 )(/•ft) o.41 o.o16 0.213
V, rt 3 /lb 0.01672 26.80

V, cft 0.1388 222.4 111.2

" lb/ft 3  
59.8 0.0373 0.075

S 1 0.0006 0.0012

(C~avgDA~r~)1/3 1.8

a- .33

(C) Thbing (316-ss)
Tubing: ODt - 0.75" van - 0.0."25 0

i 
I~t =0.7"

kt - 13. BJ/(hr)(ft 2 )(*F/ft)

Fins: bf - 0.325" tbf - 0.035" Iýr 8 fiw//mob tubing
"re - 0.5" rb -0.375"

Bank arrangement: square pitch

Nb- 1.2 tubea/bank

sT - S v ,s -i"

MArithmetic average values are shown except in the case of whavgc whlch isWHo cool "* Vvg.1s andFaV

the specific gravity, Savg, which is oA&:

Savg n &vg 06.
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Duct Side

22
-f (1s 0.752) x 2 x 8 x 12a 66 incb2/ft o.1458 ft2/ft

*A - x 0.75 x 12 x (1-8 x 0.035) 20.4 inch2/ft 0.1141 ft2/ft

Sp 2 x 0.125 x 2 x 8 x 12 + 2 (12-8 x 0.035 x 12) = 65.3 inch/ft

* ;= 5.14 ft/ft

des 5.44 (o.8 + 0.11) 0.07 ft

as - 12 x 1 [12 x 1-12 (0.75 + 2 x 8 x 0.035 x 0.125)= 25.9 inch2 o.18 ft2

a 72°0 " 44000o ml(t 2 )(hr)

* ,0.18

ha 602 BTU/(kr)(ft 2 )('F)

Tube Side

- t _x 0.72 -385 c• a o.oe267 ft

At/b - 12 at = 0. t2//0

det =.7 12 0.0583ft

5' a =15,600 :Lb/(ft2)(br)
0.032

!~'d a 5,80, " BM/(hr-llt2)l(*)

Fin Efficiency and Inside Tvbe Area

0-5 1.33"rb 0.375

¶Y (0.035 2) -12.o. 146ft

(re.rb) J 0.5-0.373, h'0 W 0.5

12 y13.92x 0 .ool4 6  = .010 (0.0203)

ai= IN0.7 x12 26~.14 ich 2 /ft. 0.183 ft/ft

1A -t/ o 1 2 -x 1 2.2 ot2 /bf k

-/b

.:3)O

. .i------- -.- - **-- *~******-



Pressure Dropy Duct Side

- 0.0385 ft 3

Si -m12 (0.58 + o.141) x 1 a 7.19 rt2

Dvey ,4 x 0.0385 m ft
7.19( D o.4 001%o.4

e= ) 0.58II

(SL)06 (1/1N 06 1If

____ 1.* Heat Exchange Burfie

(a) Water Preheating Section

Heat Transfer - Duct Side

o.07 x 40o0E el;= 0.094 ' 3,000

Jf - 30 (see Ref. i)

hf - 30.045 A 0.862 x 1 15.3 . V,(b')(-

h 15.3 x 60215.3 + 602 - 15 3Tu/(b)(rt)(•}

Heat Transfer - Tube Side
0.058 3 x 156ooRet - 1.06580

Jh' - 6 (see Ref. 2)

h -n 6 x - O6 M3 x 1.415 x 1.33 72.8 BTU/hr)(ft)(*F)
0,. .05 •o 63. m¶-//(r)(f)(,(

72.8 5 500h'ju 72.6 + 63.6 =MU )(t)(F

Heat Transfer - Overall U and Area

(re-rb). - 0.28
V•Y,

=0 0.975 (see Ref. 3)
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+i 0.141) .5. BTU/(hr)(ft2)('F)
h'fi (0.975 x 0.458 + N.11)=

48.1 x 63.6 BT!(hr)(ft2 )(F)SU~~~Di = 8.1 + 63.6 =..

AlT 61,00027 .4 x 1,185 = 1.88 f2

AiT, H2 0-Liq - 1.88 t2

(b) Water Vaporization Section

Heat Transfer - Duct Side

Res 0.07 x 4,000 . 2,950SRes = 0.095

Jf 29.6 (see Ref. 1)

b1  =2.6 o.4 x 0.874 x 1_ 15.2 BTU/(hr)(ft 2)(*F)
- e~ 0.0 - - -----

15.2 x 6o2 14.8 BTU/(hr)(ft'OF)f 15.2 + 602

Heat Transfer - Tube Side

m54•3 x 15,6oo= ,o
Beti 2.2L- 2 .. 2760Ret = 0.33

h 12 (see Ref. 2)

hi = 12 x 1 x 1.018 x 1.33 = 59.3 BTU/(hr)(ft 2 )("F)o~53

= 5.3 x 500 53 BJ/(hr)(ft2 )(*F)h =59.3 + 500=

* Heat Transfer - Overall U and Area

(re-rb) f - 0.28

k EitYfb

. - 0.975 (Ref. 3)

h 14,.8 =•. •(r(2(•
(fi 0.975 x 0.458 + o.1141) 10.-83 ,47.5 BT/(br)(ft 2)(7)
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U3Di * 7 3 *2 IU( (ft 2 )(op)

AT u 830o 17. 1 4 ft 2
25 z 1,125

SAT 1•O-stem " 17.14 ft 2

AiT "AVT, HO-Ll-q + AiTj, 11O-ftea

•1.88 +17.14 -~ t

- - 8.65t-9bank.
2.2

. ... .. . .er--.f. -ooling tubing banks 9

5. Pressure Drop

(a) Duct Side

The preen"r drop in the BO as it flows throu&h
the combustor is the sunnation of five individual jossesp each of whieh

in calculated as fellows:

0 Pressure loss due to gradual expansion:

Pressure of gasec reaching cambustor - 3.6.83 puga 31.53 psiSloss in diverging cone estimated at 8% incoming gas gap

Preassur. Tbns

A P .-o.08 z 16.83 - a

Consequentlyt the pressure of air-fuel mixture reaehin

the heating elements - 15.48 psig - 30.18 psia.

a Pressure loss through layers of catalyst.

Vo " velocity of fluid in "empty" bed, ft/we
261 cfm

Vo 0  x 1 x 90 sen/min 4.35 ft/se-
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DI -0.00625 ft

• ' • -0.046 lb/ft3

,L 0 0.095 lb/(tt)(hr) o.0000264 lb/(ft)(sec)

Re 0.00625 x 0.04 6 x 4.35
0.'00002b ,,

thus the flow is turbulent; t-onsequently

"2.36 x A 15 x L x ,o85 x V 10 8 5 x Af

}~D 1-15~l x 144

SL = bed thickness 0.25 + 0.375 + 0.5 oo00 ft

Af - wall effect factor = 1

4 2.36 x (0.0000264)0-15 x 0294 x (0.0o46).'85 x (4.35)1-85 x

(OO.b25)-L-±) x 144

AP2 =0.1 s

0 Pressure loss through screens:

For method and data see under Combustor, Appendix F

•- 0.0146 lb/ft 3 = 0.000737 g/cc

)1m 0.095 lb/(ft)(hr) - 0.0393 Cps

V0o 4 .35 ft/sec

R te - v 0  1W2 x 4 .35,x 0.000737 107
AA 0.0393

* C a factor from manufacturer's graph - 1.05

CL.m 0.05

4 . fa = c po 2  0.05 x 0.000737 x ( 4.35) 2
A P3101 ... 0.00064 psi

C2  (1.05) per screen

since there are 6 screens

AP3 a 6 x 0.00064 =-0;024pi (negligible)
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0 Pressure loss due to cooling coils:

adIt is assumed here that the bank of heating elementsS~and the fuel preheating pipe each have the same effect an

pressure drop as one bank of cooling coilv, thus

Lp-(b + 2) Vs - (9 + 2) xL 2t

f - 0.00285 (Ref. 1) o. 0.6

5.22 x 101 0 x D*vx SaP w r ( ) ) Q1

0.002• x (4,000)2 x o.W x 0.58 x I
5.22 x 10WJ xo.0214 x 0.000732•1 0.03 psi

* Pressure loss in "orifice":

This orifice is used during startups as the supporting

frame for the "flaps" used to isolate the rest of the system
until the combustor is brought up to temperature.

For details of method see under HE 2, Appendix F.

V v ! - 20.7 - 24.1 f/sec

60 a bO x 0.10

p,.~~~ - 2.) ft (column of BG)
2 g 2 x 32.2

Thus . 9 x0.06 0.003 psiThus p~

A1 - 12 x 12 144 inch2

A2 - 8 x 8 - 64 inch2  (2 inch high barrier)

A2/A 1 - o.44

-).0.35

AP5 = 0.35 x 0.003 = 0.001 psi (egligible)

• ! Total pressure loss in combustor duct

P =1.35 + 0.12 + 0.0014 + 0.03 + 0.001

a PT - 1.505 psi
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Thus the pressure of moist BG leaving the combustor is

16.83 - 1.51 15.32 psig

30.02 psia

PMBG leaving combustor = 30.0 psia

(b) Pressure loss in tubes

t- 15,6oo

Ret a 860

f = .0o.06 (Ref. 4)

0.0006 x 15,6002 x 1
I& Pbank 5.22 x 1010 x 0.0583 x 0.0012 x 1.33

- 0.03 psi/i ft long bank

Each return bend or header is equivalent to 4.2
linear ft of pipe thus

A Preturn = 0.03 x 4.2 = 0.126 psi/return

Consequently, total pressure loss in tubes is

APt, Total = 9 x 0.03 + lOx 0.126

M 1.53 psi

6. Fuel Preheating Pipe

This pipe is located at the downstream end of
the combustor rather than in HE 1 because this allows the fuel to be pre-
heated during the start-up operation.

The tubing size and heating method are the
same as for the SST.

W- 0.833 lb/mm 50 lb/br

Q 74 BTU/minin 4,440 BTU/hi
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Hot Fluid Cold Fluid Difference

1,337 Higher temperature 300 1,037

1, 337 Lower temperature 150 1,187

0 Difference 150 150

JIMZD 1,187 - 1,0 7

2.3 log 1,0°37

No correction is applied.

T - 1,337°F

tc a 225F

Data for BG at 1,337*F are given above.

Data for fuel at 225*F

CALF - 0.55 cps = 1.33 lb/(ft)(hr)

CpF - 0.580 BTU/(lb)(F)

kF - 0.0757 BTU/(hr)(ft 2 )('F/ft)

(cpl/k)1/3 = 2.17

fF - 5.787 lb/gal 4 43.3 lb/ft3

SF -0 .694

S- 1.09

Assuming 5 tubes in the bank, we get

as "14 - 5 (0.05 + 2 x 0.1 x 0.035 x 8) 12

16.3 inch2 - 0.808 ft 2

G, 900 Ti/(ft 2 )(br)

Res =380

' 6.8 (Ref. 1)

S= . 0 x o.862 x 1 BT6./ (ulCr)()t2)())'* U0.0395
b,; =. 6.1 BTUI(h)(ft2)(*F)

G - 5olo-ooo6 83,400 lbI(f2)(hr)



Re *1.,750

14 (Ref .'2)'

hi 4 x 2.17 x 1.09 , 25.6 BTU/(hr)(ft2 )(*y)

hd 2~50 BU/(h:)'ft )(*F)

ht 23.2 BTLUf(hr)(ft2 )(PF)

f.-0;99 (assumed the same As for.S3T)

h'im(0.99 x 0.211504 0.0614) 6.1 2

23.2 x 2 (f2.(DI 23.2.+20 -10.7 BTI~r

A a 14,144o
iT 10.7 x 1,109 ___

Lt, Ar- O1 a1. ft lin

This wrill give approximately the 5 passes assumed initially.

Weight of tub~.ng - 4.5 x 0.263 + 2 x 0.14

7. Weight

All equipeent Items are made of 316-SS,, except w~hen
specified otherwise.

Catalyst 3.8 lb
screens (6) 10.2
Heating elements 3.2
fuil preheating tube 1.5
cooling tubing (9 x 6.8 lb/bank) 61.3
Ductj, baffles (HastelJLoy. C) 30.0

Toltal 110.0 lb
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B. Neat kchager go. 1 (HE 1)

HE 1 i. located lmediataely aftcr the combustor. The "orifice"
that separates them hojses flaps which can be used to isolate the com-
bustor from the rest of the system during start-up. The cross-section of
HE 1 is rectangular, 2 ft vide x 1 ft high.

1. Heat Transfer

The size of tubing, Nt/b, and its arrangement are the
same as in the combustor.

q - 22,60o BTU/hr

WB 720 Tbh/r

WAir - 620 lb/hr

Air enters at 1,200"F and leaves at 1,300F

Moist BG enters at 1,337°F and leaves at 1,2341*

Hot Fluid (BG) Cold Fluid (Air) Difference

l,337"F Higher temperature 1,300"F 37"F

1,2346F Lower temperature 1,200*F 34OF

1039F Difference lOOF 3"F

I)= -35.5"F

R - 1.03 S 0.73 RT 0.7 (ref. 5)

/It - 24.8"Y

Caloric Temperature

Arithmetic averages are sufficient, thus:

for BG: Tc 1,286"F

for air: tc - 1,250"F

Data at above temperatures

30 at 1,2860F and 28.75 psia

)Auo - 0.0383 CPS - 0.0926 lb/(ft)(hr)

% BG- 0.3 BTU/(lb)(F)

So-0.045 BTU/(hr)(ft 2)(F/ft)

*Allowing for heat given up in fuel preheating.A. 349



EG )BG\1/3
'I.W

OBO

BGo.01451 lb/ftI S -0.000r722

Air at l,250OF and 140 poia

-ar 0.0141 cps o .0992 lb/(ft)(hr)

C a a 0.27 BTU/(1b)(*F) 2 */ t

*0.0376 BTU/(hr)(ft)(/)

(parMai ~1/3 0894

0air - 1

Vair -177.2 cfkn

air 0.063 lb/ft 3  S -0.0.0101

Heat transfer: duct sidG

as o .36 fý2

G8  2,00 b/(ft2 ),hr

* Res - 1,500

Ja 18.5 (ref. 1)

bf - 9.45 MV/(br)(ft4
2 )(*F)

Sb~ - 9.3 BTUI,'(r)(ftt 2 W(F)

Heat transfer: tube side-, air

Gt 20,950 lb/(ft
2)(br)

Ret -12.,300

Jhj a 46  (ref. )

hi 26.5B/b)f2(F

bdi - 333 BTrJ/(hr)(ft
2 )(OF)
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g4.6 W/(hr)(ft2 )(-y)

Heoat transfer: Overall design coefficientp area and umber of banks

(re•rb)(h/ŽtYb)O"5 - 0.22

= 0.98 (ref. 3)

*30 T/h)t29yhfi

-D 13.5 JT/(hr)(f 2 (F

Overall design coefficient -13.5 BTU/(hr)(ft 2 )(*'F)

22,600
A½T1352 - 67.7 ft2

A 132 ax 2-4.8 i
it/b -1 1x2-44ft 2 /bajk

Nb 67.7 15.4i banks

A *mber of banks 16

2. Pressure Drop on Duct Side (BG)

There are three elements in the overall pressure
4 loss:

* pressure loss due to enlargement, A P1

* pressure loss due to cooling tubing, AP2

o pressure loas due to "orifice, AP

(a Pressure loss due to enlargement

This enlargement Is not verY gradual in
order to save space. Howiever, since it is not from a pipe with -elatively
=all cross-section to a comparatively large duct cross-section, but
frau the "orifice" (area 64u inch2 ) to HE 1 duct (288 inch2 ) it is estimted
that a loss equal to 8% of gag pressure takes place.

AP1 .0.08 x 15.32 -1.23 psxi
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jI(b) Pressure loss due to banks of cooling tubing
i VN 0.0O.77 ft3

SsF7 - 14.38 ft

Dov 0.0214 ft

Sr X) -0.58

f - o. o314 (ref. 1)

L n -NbVs a 16 x 1/12 1.333ft

0.0031o 4 x (21000)2 x 1.333 x 0.58 x 1.
AP2 5,22 x •0o.. x 0.0o x o.oo7 x .02si

(c) Pressue loss due to "orifice"

"This i the divider separating HE 1 from HE 2.
It is a 2-inch high barrier on all sides of the duct. As in the "orifice"
between combustor and HE 1, this loss is found to be negligible.

(d) Total pressue loss in the duct

A PT "1.23 + 0.012 1.25;si

I Moist BG reaches HE 2 at 14 ;sig = 28.7 psla

3. Pressure Drop on Tube Side (Air)

*!.f m-o.on (ref. 4)

0.0002T O x o )2x 2 x 1Pbank .22 x 106W x 0.05b3 x 0.00101 x 1

- 0.078 psi/2 ft long bank

Each return bend is equivalent to 4.2 ft straight pipe,I and so are assumed the headers.

& Fbnd 4.2 x 0.5 x 0.078 0.164 psi/bend

Aptota- 16 x o.078 + 17 x 0 .16 4 -4 .03psi
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Thus, the air from the engines that reaches 10 1 at
40 pals, will leave it at 21.27 psig a 35.97 psi&.

1PAr z! 36 ps• I

w. eight

cooling tubing of 316-ss (13.2 lb/benk) 211 lb

Duct of Hastelloy C 61

Total 272 Ib

5. Check of HE 1 for Other Conditions

The heat transfer area is calculated for conditions
which differ from the design ones in order to determine if the above unit
is adequate. We look for a condition where a relatively large amunt of
air comaes in at a low temperature. 7his would be the case in an emergency
dive, with engines near idle, during the last portion of the landing approach,
when altitude in decreasing from 2,500 ft to sea level. If this approach
lasts for I minute, 30 cfn of ballast gas at 15.1 psia are required. Since
the engines are near idle, the temper&ture of the air is 250'F.

Vx - 398 rt 3/lb-,ole

VAAr - 32.3 cfa
if

NA1.r - 0.0811 lb-moles/ndn

WM l. - 2.34 lb/in - 14 lb/hr

N2 .-O.vpor, 100% con,. - 0.204 lb/ami

Wreaction fuel - 0.175 lhb/min

WM -2.52 lb/min. - 52 lb/hr

r B - 2.32 lb/m, n - 139 Ib/br

K The situation in HE 1 be aes:



Air Out Air In

t a ? WA - 2..-44 lb/mn 1=41 lb/min

h ? t - 250"F

h - 52 BMU/1b

HE 1

R.F. Out Reaction Fuel In

t 300oF W a 0.175 lb/Min

Sh 1147.5 BTU/lb t = 150F

bh 58.8 Bmu/ib

BG In BG Out

WBQ - 2.5 lb/min WD-y B a 2.315
t 2 1337"F W - 0.20o4 b/min

H2b/mm

QBG in 1 ,125 BTU/min -ti?

Q=?

QBG in 2.315 x 335 + 0.204 x 1,711 - 1,12 BTU/min

We assume different temperatures for the air
* leaving HE 1 and calculate the heat load on HE 1 and the temperature
Sof the exit BG. Then check for heat transfer surface requirements. Thus:

%A z 1, t air out W" r (ht air out -52)

*QG out %G in" A 1, t air out

and the temperature of BG leaving HE 1 in calculated.

* 3
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Temperature Beat
of Air Conteit Beat Load on HE I B*t in kitt Gp, TprmtUre

" 'eaving YKI 1 b oto btB
______ut__F_/lb _ul__ ____/___n tBj out, *F

"276 525 314,00 600 599

IP1200 29.4 575 A-4500 550 527-
S1#,300 324.5 639 38,300 486 397

kirst we cheek HE 1 for air leaving at 1,112*F, as this will allow us to
use the viscosity, conductivity and specific heat data already generated
for the SST, Case I.

Hot Fluid Cold Fluid Difference

1,337 Higher temperature ,3i12 225

599 Lower temperature 250 349

738 Difference 862 124

IM a 283*F

R -: .86 s a 0.79 FT o. 6  (Ref. 5 t

A t - 170a

Duc Side Tub Side

Res- 382 Rt - 3,420

if - 6.9 (ref. 1) 14

hf - 2.9 BT/(hr)(ft 2 )(&T) hi- 5.95 DI¶J/(hr)(ft 2 )U',F)

I - 2.9 Ml/(Or)(:tt2 )() .' 5.85 ' M/(br)(ft 2 )('F)
f h

* (,.wrb)(4/ktb) 0 'o - 0.135t 3..9 ',/(br)( .t2)(l/ft@)

M ,. e I•. (ref. 3)

h - 9.6 B•/(hr)(t• 2)(p)
fI

U* - 3.7 n2Uf(hr)(ft 2 )(-y)
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AiT = 50 ft 2

3b' 12 banks

Since HE 1 has 16 banks, the existing surface will
allow the preheating of air to a higher temperature than the 1,112'F
checked here, and the design is adequate.

d. Heat Exchanger 11o. 2 (HE 2)

HE 2 makes use of fuel being pumped to the engines as
a coolant for removal of sensible heat from the BG leaving HE 1, and for
removal of the heat of condensation released by part of the water and fuel
present in the BG stream.

Cross-section: 2 ft wide x 1 ft high

Tubing: ODt - 0.5" wall. 0.02" IDt - 0.46"

Fins: bf - 0.12" thf - 0.035" Nf - 8 per inch

a~f a 0.75" re - 0.375" rb - 0.25"

Arrangement: square pitch, Mt/.b - 16

ST = SL a Vs a 0.75"

1. Heat Transfer

q 260,000 oo U/hr

SWBG, Avg " 700 lb/hr

Wfuel, coolant - 5,710 lb/hr

BG enters at 1,2340F and leaves at 85'o

Fuel coolant enters at 60*F and leaves at 150'F

Mean temperature

Hot Fluid Cold Fluid Difference

1, 234'F Higher temperature 150*F 1,08?O8F

85 'F Lower temperature 60'F 25'F

I,149I F Difference 90'F 1,059'F
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IMD -281*F

I n 12.8 S 0.0 3T x.0.978 (extrapolation,. "re.

Caloric Temperatures

4tc/fA th - 0.023

rc- O.or for JP-i4 (ref. 6

Te 83 + 0.24 x 1,149 -361Fr

t 60+ 0.24 x90 -82*F

Data for BO at 3617p at 28.7 ]!sia

The data are an average of moist 30 containing fuel vapor and
saturated 30.

~Aavg - 0.057 lb/(ft)(hr)

-pav 0.257 3TU/(lb)(FY)

kyg x 0.0204 3?J/(br)(ft 2 )('WFft)

V - 306.8 it3 /lb-mole

V 2.4 ft3/lb

VIg - 121.4 eft

Data for li ud fuel (coolant) at 8*

C1- 0.664 B'U/(lb)(*F)

k - 0.o721 BTU/(br)(ft 2 )(OJ/ft)
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'm1.07

e 147.13 lb/ft3
S -0.7553

Heat transfer: duct side (BG)

Af - 0.33 f2f

Ao - 0.0914 ft2/ft

p - 5.414 ft/ft

des -o.o49rft

as o.48 ft2

G8  1',460 lb/(ft2)(br)

Res 1,260

if -16 (ref 1)

hf-6 BTU/(br)(ft2)(.F)

-ý 5.94 BfTU/(br)(ft2)(OF)

Rest transfer: tube aidet fuel coolant

dt - 0.0383 ft

at s()*Q01514 ft 2

At/b - 16 atma 0.0185 ft2/bank

-t 309,000 Th/(ft 2 )(iu,)

%r 1.82 ft/sec

Ret - 2,960

-10 (ref. 2)

h 67 JM/(hr)(ft2)('i')

a50BTU/(hr)(ft2)(oF)

h, _ 59 BTU(hr)(:tt 2 )(*F)
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Fin eff icencM overall desi2n coefficient, area and r of b q

kt - 10.11 Bu/(hr)(frt 2 )(*jfft)
,'/-,- 1.5

-b 0.011 ft

(r*-rb,) * 0.2

.f.- 0.98 (ref. 3)

ai - 0.12 ft 2 /ft

Ait/b -16 a, x 2 - 3.85 ft 2 /bank

h 20.5 Mwu/(I )(ft 2 )(ep)

u. 15.2 BTU/(br)(ft 2 )(',)

j__Overall design coefficient *15.2 BTU/(hr)(ft 2 )('F)

AiT - 62.2 ft 2

Nb 16.2 banks

I mber of banks 17

2. Pressure Drop on D•ct Side (BG)

The losses are caused by:

condensation (loss of volume)

cooling colsa

f w tbroiug the "orifice"

(a) Pressue loss due to condensation of
fuel V r and pert of water vapo

P 28.7 psi&

total of gases entering a0.14087 lb-uz1les/min

fuel vapor condensed - 0.00179 lb-moles/fan
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water vapor condensed -0.2439 18 - 0.214 lb-czoles/min

total condensed -0.0262 lb-mnles/min

A Pcondensation 0 0.40262x87 *1 1

(b) Pressu~re 1o82 due to friction with cooling coils

vNFJ o.o66 rt3

- S.33.49 ft 2

r

D 0. 0196 ftev

u0.63

096

f *0.00314 (ref. 1)

LP 1.063 ft

A P0.003 Psi

(c) The pressure loss due to the orifice is not
calculated because calculations given above show that it is negligible.

(d) Total pressur* loss for BG

A PT 1-84 + 0.003

APTB 1.85Psi

Consequentl~y, BG reaches the drier w.t

12.2 Pais - 26.9 Pais

3. Pressure Drop on Tube Side (Coolminc)

f *0.00039 (ref. 414

PAnk 0.0146 psi/2 ft bank

a return bend is equivalent to 2.8 ft of tubing
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A bmen .2.8 z 0.5 x 0.046 * O.oW6 psi

APt, tot•l 17 x 0,016 + 18 z 0.06"

APtubing .1,95 psi f
k. weigt

Cooling tubing (11.22 lb/bank), 316-SS 191 lb

Duct#, astel•loy C 61

Total 252 lb

5. Check of HE 2 for Other Conitions

Other conditions under which the design of HE 2
should be checked include .he following:

(a) the same conditions as those checked in
HE 1 in order to estebliah vh-tber the coolant fuel flow near idle conditit
is sufficient, or if recLr.'-mltion of the fuel between the tank and HE 2
might be necessary. la additi=, the heat transfer surface should be testa

(b) The initial climb situation, during which
the coolant fuel temperature is 95*F.
These checks were not a•d as a part of the Present study.

a. Drier

The cross-section, dictated by the /D criteria for B-Zoolcn,
is Ix I ft.

Q 25,000 BTU/hr

WG, A•g "1.166 lb/mm -670 ob/hr

*8.3 lb/min 500 lb/hr

BG enters at 850F, leaves at 100*F

Water enters at 4O*F, leaves at 90F

Therefore:i Parallel flow.

hlomiram tubing: M~t a 0.375 inch wuall O .16" ID~t 0. 343
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Fins: bf - 3/16 inch thf - 0.035" Xf - 8 fins/inch

*f - 0.75 inch re - 0.375" rb n 0.1875 inch

Arrangement: square pitch, Mt/b - 16 tubes/bank

T vs -0.75 inch

1. Heat Transfer

Hot Yluid Cold Fluid Difference

100OF Higher temperature 900F 10OF

8r*F iower temperature 40OF 45*F"

15*F Difference 500F 35OF

LMTD - 23.3

R a 0.3 s 0.8 FT -0.96 (assuming cross-flow correctic
can be applied)

At -22.3F

Te " 93"F for BG

te a 650F for cooling water

(a) Data

For 30 at 93.F and 25 psi&

A - o.085 cps - o.o4 5 lb/(ft)(hr)

. - 0.o24 BU/(lb)("F)

k - 0.0155 MJ/(hr)(ft 2 )(*F/ft)

inch a 242 ft 3/m-mole

VBi 242 x 0.3825 -92,6 cftu

,•VB, t = •242 x 0.3663 - 88.6 cfn
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vBG, a m 90.6 cfs

Syvg 0.123 lb/ft 3  ,g 0.001975

For cooling water at 65*F

1.08 cps - 2.614 lb/(ft)(hr)

, 0.9 cps

-.4.1.02

62.3 lb/ft 3 lb/ft 3  S - 1

(b) Heat kchuge

Heat transfer: duct side, .BG

Aj - 0.451 ft 2 /ft

Ao . 0.0707 ft 2/ft

Pp 7.144 ft/ft

des - 0.06 ft

al a 0.36 ft 2

Gs - 1,86o Ib/(ft 2 )(hr)

Res - 1,860

Jfa 21.5 (Ref. 1)

hf - 6.6 BTU/(hr)(ft2 )('F)

h f I .5-TI(r)(f)(*F)

Heat transfer: tube side, -.ooling water

dt 'o .0286 ft

at a 0.000642 ft 2

at/ -1 at - 0.0103 ft 2 /bw*

•- •48,'700 lb/(ft 2 )(hr)

Ret a 533

u" - 0.217 ft/see

ha _ 80 BTU/( r)(rt2 )(oF) (Ref. 7)
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factor - 1.1

-h factor x hi, - 88 BT/(br)(ft2)('F)

h7.8 BTU/••r)(ft 2 )('F)

Heat transfer: fin efficiencyp desip coeficient, area and number of bans

for alumimim kt - 116.7 BTJ/(hr)(ft2 )(*F/t)

re/rb- -2

Xb 0.00146 ft

(re-rb) (hi/ktyb) 0'5 0 .1

gL •-I (ref.3 )

a o0.0898 rt2/ft

k/b. w a, x I w 1.44 ft 2 /bank

h' _ 38Mj/(br)(ft 2 )(F)
fi

UDi h. h' hl/(h; + h) 25.2 BTU/(hir)(ft 2 )(oF)

Overall design coefficient - 25.2 BTU/(hr)(ft2 )(*F)

Ai - 244.5 ft 2

N- 14145/1.414 -31

Number of banks ,31

2. A.mmnts of Drying ARents

The two agents selected are CaC12 for high capacity
and H-Zeolon for high efficiency. The method of calculation in the same
as for the SST.

(a) Calcium Chloride Section

Conditions: 100*F exit temperature, v 14.7 Pala

Efiinyat 1900 hr 1 SY equilibrium *0.95 1 .= i

.. efficiency " 1 MM i 1im 060
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Gas Flow

BG flow in drier bed at design conditions

VsB, Ave - 90.6 ft 3/min

Bed Volume and Weight

for 1900 hr"1 SV:

Volme of CaClu 90.6 r 3  60 minh

2.86 ft 3

Weight of CdC12

2.86 ft 3 x 51 ib/ft 3

Concentration of Water Entering CaCIz

N2  79 lb-moles

C02  10.5 lb-moles

02 5.25 lb-moles

Ne0 - 10.5 lb-moles 10: lb/mmn - .19 lb-wolesU20 10!291 + 0.439 condenaed
(allowing for removal of H2o in HE 2)

H20 cone. 3R7 x 100 l O .25%

Concentration of Water Leaving Ca 2 = 1320 pu

Water Removed by CiM

42,500 - 1,320 l00 7..3ro al42,500

Useful Life of CaCl2 (no regeneration)

water produced in average flight 4 I4.23 lb
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removed in drier:

0.115 lb 11.02 -1.267 lb
100 ft "

removed in CaC. 2 :

0.972 x 1.27 - 1.232 lb

CaCl2 capacity (at 8% of lit. value)

14.6lb I So 50 lb LO 3 0
1 100 l00b agent

No. of flights - 35 } 1.232 = 28.4

Njo. of hous n 28.4. 15m houir"15 flih ' mn -- 73 hr
Iflijht- 1-60 mi

I Usefullife- 73hrz,

(b) Zeolite Section

Bases: 10 plm efficiency at following conditions

100F and PJ 1 atm.

L/D >1

linar velocity <1oo ft/mm
N•oton's H-Zeolon, 1/16* dia

capacity - 0.030 lb/lb agent

Velocity in duct

square duct, 1 ft x I ft

9o.6 ft 3/min 1 1 =9.6 ft/min

Weiht of Ag (use 80 of stated cacity)

W lb B20o fi gb houlr, s
fligt hurs contimos run Icapacity x o.U5o

-1.26_7T1.2321 60 20w 15 0•.03 .OM

V * 28.2 lb ,agnt
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Volume of Agent

bulk density - 38.5 lb/ft3

volume - 28.2 " 38.5 a 0.733 ft 3

V - 0.733 ft 3

Length of Bed and L/D

L a 0.733 " 1 ft2 - 0.733 ft

equivalent circle diameter

D - (4 1 1&)O"5 - 1.13 ft

L/D - 0.733 : 1.13 - 0.65

Adjust to L/D > 1 (say L/D - 1.1)

Length - 1.13 x 1.1 - 1.25 ft

Volume - 0.733 x -1.25 ft 3

Weight - 1.25 x 38.5 - 48.1 lb

w - 48.1 lb

Hours of Useful Life (no regeneration)

50 x 48.1 28.2 -85 hc'

(c) aziary of Drying Agents

Agent CaC12 Zeolite Combined

volume, ft 3  2.86 1.25 4.11

weight, lb 146 48.1 194

length, ft 2.86 1.25 4&.11

hours (no regen.) 73 85 73

Thus, the space velocity criterion for CaC12 dictates a
volume of agent sufficient to provide 73 hours of protection between

j.regenerations, and the L/D criterion for zeolite dictates a somewhat
longer period of protection.
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3. Volume and Length of the Drier

(a) Volume occupied by one bank of tubing

Volt/b 39 inch3/bank - 0.0226 ft3/batk

Total volume occupied by 31 banks a 0.71 ft 3

Since 97% of water is removed by CaCd2 , the same
percentage of heat has to be removed in the CaC1 2 section of the drier.
Therefore, 29 banks of cooling tubing are located in that section. The
remaining 2 banks are in the zeolite section.

(b) CaC12 Section

29 banks of tubes occupy 0.66 ft 3

Section volume - 2.86 + 0.66 - 3.52 ft 3

Length of section - 3.52 ft

Distance between banks cf 0.12' ft to fC -1.145 inch to

(c) zeoiite secti•n

2 banks of tubing occupy 0.05 ft 3

Section volume - 1.25 + 0.05 = 1.3 ft 3

Section length - 1.3 ft

Distance between banks -0.65 ft to

(d) Total Length of Drier

3.52 + 1.3 - 4.82 ft is the length of drier occupied by the
desiccants and tubing. Part of the upstream converging cone may be occupied
by the CaC1 2 and the dust filters may be located in downstream cone. Thus,
the total length of drier will be approximately 5.5 ft.

14. Pressure Lossp

(a) Pressure loss inside tubing

f - 0.00096

APt -0 .0015 psi/per 1 ft ban

A return bend is equivalent to 2 ft tubing

A Fbend a 0.003 psi/bend

APt, total . 31 x 0.0015 + 32 x 0.003 • 0.15 psi

&....ater 0-15 Psi



(b) Pressure loss in the. duct side

It comprises the following losses:

* Pressure loss due to grdual contraction (upstrem)

s Pressure loss due to friction in packed bed

* Pressure losa due to friction with cooling tubing

a Pressure loss equivalent to volume of water removed

* Pressure lose due to gradual contraction (donstream)

Contraction loss, upstream:

A 0.02 x 12.2 0.25 Psi

Packed bed friction loss:

1/16" particles fall within the 8 to 14 mesh size

, 0.2o64 670 ,0e 4•x -1 - , 0 0 0 .

(I/Ff) = 0.0435 (ref. 8)

0.0435 x 6702 x 4.82

&P 2 - 4,W x 0.123 x 144 1.09 psi

Cooling coils friction loss:

VN - o.o4 ft3

SF -8.35 ft2

D' -0.0192 ftDe

(D=) 04- 0.623

( ). 6

f o.oo34 (rer. i)

LP0.75 x 1- 1.924 ft12

A P3 O.O1 psi
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Loss equivalent to volume of water removed:

Assuming all water is removed half way through the bed,
the total gas pressure at this point is

P - 26.9 - ( PP1 + 0.5 AP2 + &P 3 ) - 26 .1psia

total gases entering drier = 0.3825 lb-moles/min

water removed - 0.01618 lb-moles/min

m 0.01618P4 o.82 x 26.1 1.10 ~psi

0.3825

Contraction loss, downstream:

P 12.2- ( P1 + AP 2 + P3 + AP') 9.75 Psg

P5 = 0.02 x 9.75 = 0.2 psi

Total pressure loss in the duct:

The pressure losses due to the 3 screens and due to the dust filter
are so small that they are neglected. Thus

APT A EPi =0.25 + 1.09 + 0.01 + 1.10 + 0.2 - 2.65 psi

PFessure loss in drier 2.65 Psi

Consequently, the BG leaves the drier at 9.55 psig = 24.25 psia.

The above pressure of 24.25 psia is almost double the pressure
assumed for the fuel tank, which ir 12.62 psia. However, we assumed in
our calculations that all the components are in the same duct with very
little loss due to enlargements and contractions, while in the actual
design they might be separated by pipes and be subject to such losses.
Also, as mentioned under Case Analysis I, pressure losses caused by
control valves, instruments, and other itemu are not included. There is
always the possibility that, when the design is orptimized, a different
pipe size will be used for the coils in HE 1, and the inlet pressure
regulator may be set at a lower pressure than the 40 psia assumed. Therefore,
some of the excess of pressure is regardI I as a degree of freedom to be
used as a parameter in system design.

5. Weight

(B) Drier

The drier is made of %luminu•n except for the
screens. Duct walls are assumed to be 1/8 inch thick and the volume of the
material is 396 inch3, thus the weight of the walls is

396 x o.o99-3 9.2 lb
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To maarize:

Weght of outer walls 39.2 lb
Weight of cooling tubing (2.15 lb/bank) 66.7
Weight of screens (3) 5.1
Weight of desiccants 124_

Total 305 lb

(b) Dust Filter

This is a glass fiber mat filter locate in the don-
stream end of the drier. It removes dust from the BG. Its weight is
negligible.

(C) Water Tank

The amount of water per flight is calculated tV be %, lbs
or less than 1 ft 3 . A small heater, to prevent the freezing of water is
included, as well as a variable speed pump to deliver the water to the drier
and to the combustor.

Weight of tank 6 lb
Weight of heater 1
Weight of water 52
Weight of pimp U

Total 70 lb
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APFENDIX I

CALCULATIONS FOR C-1411

TRANSPORT AIRCRAFT

373



APPEturM I

CALCULATIONS FOR C-141 AIRCRAFT

I.. Calculation of Average Temperature of Bleed Air

The average temperature of the bleed air for the enti-e flight is
calculated as follows:

"The bleed air temperatures for the various operations at different
altitudes (Table XVII) are multiplied by the duration of the operation.
The sum is then divided by the duration of the entire flight yielding the
average temperature of engine ble.c'. air.

3 x 750 = 2,250

20 x 660 - 13,.0W

7 x 530 = 3,710

363 x 500 = 181,500
4 x27o0 1,080
4 x230 = 920
2 x 280 = 560

* 2A03,220

203 220 504.3°F

Avrg Temperature 500O]

II. Calculation of Bleed Air Pressure During Design Portion of Descent

The data for engine bleed air pressure during the descent. (Table XVII)
are plotted vs altitude in Figure I-1. Then a graphical integration;
between 4,000 and 10,000 ft altitude is performed, and the design pressure
of bleed air is obtained.

$

. Altitude, ft Pressure, psia

9,500 32.5
8,500 33.45
7,500 34.4
6,500 35.4

* 5,500 36.4
4•,500 37.4

209.5

-- 2.= 34.93 psia

Design pressure of air 34.9 psia
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III. Calculation of Heat and Mass Balance for Design Conditions

a. Gen2ra

The bases, data, and assumptions are indicated in Section V-8-h.
The method of calculation is detailed in Appendix E. Following are listed
the results of these calculations.

b. Results

1. Quantities of Reactants and Products

Molar volume of gases in FT (at 45*F and 454 ft 3/lb-mole
11.93 psia)

Air Requirement (volume) 552 cfm
(moles) 1.216 lb-moles/min
(weight) 35.13 lb/min = 2,108 lb/hr

Water formed (WF) 2.3 lb/min - 138 lb/hr

Water condensed in HE 2 1.38 lb/min a 83 lb/hr

Water removed in gas drier (WRGD) 0.92 lb/min = 55 lb/hr

Reaction fuel required 2.62 lb/min = 157 lb/hr

Unreacted fuel (trFj 0.83 lb/min = 50 lb/hr

Unreacted fuel condensed in HE 2 0.79 lb/min - 47.5 lb/hr'

Uncondensable unreacted fuel (UUF) 0.04 lb/min a 2.5 lb/hr

Air-fliel mixture - Moist BG (MBG) 37.75 lb/min = 2,265 lb/hr

Dry BG (DBG - MBG - WF-UF) 34.62 lb/min = 2,077 lb/hr

Ballast gas (BG =DBG + UUF) to FT 34.66 lb/min - 2,080 lb/hr

Saturated BG (SBG = BG + WRGD) 35.58 lb/min = 2,135 lb/hr

Cooling water required 24.5 lb/min - 1,470 lb/hr

Fuel as coolant required 60 lb/min = 3,600 lb/hr

2. Molar Quantities

(a) Air-Fuel Mixture

Air - 1,216 lb-moles/Min

Oxygen 0.255

Nitrogen - 0.960 "

376



Fuel - 0.0187 ib-moles/min

Air-Fuel Mixture 1.234 lb-moles/min

(b) Moist Ballast Gas

Nitrogen - 0.960 1b-no1es/min

Carbon dioxide = 0.128

Oxygen * o.o60"

Dry ballast gas = 1.152

Water = 0.128

Unreacted fuel = 0.00595

Moist ballast gas = 1.285

(c) Ballast Gas

Dry ballast gas - 1.152 ib-moles/min

Uncondensable
unreacted fuel 0.00030

Ballast gas - 1.152

(d) Saturated Ballast Gas

Moist ballast gas - 1.285 lb-moles/min

Condensed water - 0.0768-1i Condensed unreacted

fuel = 0.00565 "

Saturated ballast
gas = 1.203

Water removed in drier - 0.0509 lb-moles/mmn

3. Heat Loads

(a) Air-fuel mixture

Heat content 10,080 BTL/min

Temperature 971*F 2 522"C
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r(b) Combustor (water cooled)

Heat of reaction 33,100 BTU/min

Heat removed by coolant 26,800 BTU/min u 1,608,000 BTU/hr

Heat content in MBG 16,300 BTU/min

(c) HE 1 (Air Cooled)

Heat transferred to air 7,860 BTU/min = 472,000 BTU/br

Actual heat transferred

to fuel 44 BTU/min

Heat content in MBG 8,440 BTU/min

Temperature of MBG
leaving HE 1 611UF

Design heat transferred to fuel 160 BTU/min = 9,600 BTU/hr

(d) HE 2 (Fuel Cooled)

Heat removed by coolant t,900 BTU/min = 414,000 BTU/hr

Heat content of SBG 1,446 BTU/min

Temperature of SBG
leaving HE 2 850F

Temperature of coolant

(fuel) leaving HE 2 275"F

(e) Gas Drier (Water Cooled)

Net heat of absorption 412 BTU/min

Heat removed by coolant 1,293 BTU/min - 77,600 BTU/hr

Heat content of BG
"leaving drier 565 BTU/min

Temperature of BG 100I F
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IV. Design Calculations, Equipment for C-141

a. Air and Fuel Feed

1. Main Air Pipe (from HE 1 to VC Outlet)

Wair = 35.13 lb/win - 2,108 lb/hr

t 1l,1120F

P - 31.0 psia

Vair ' 661 elm

Pipe: 316-SS, OD a 3.5 in ID - 3.37 in

Gt - 34,000 lb/(ft 2 )(hr) Ret 1 101,000

f M 0.000175o() AP = 1.62 psi/0oo ft pipe

length - 7 ft equivalent length a 49 ft

A P - 1.62 x 49/100l 0.8 pi

Pair reaching annulus of outlet pipe connecting

vaporization chamber and combustor a 30.2 psia

and Pair reaching VC inlet pipe = 30.6 psia.

W - 7 x (2.43 b/ft) - 17bipe -

2. Vaporization Chamber Inlet Pipe

Air for atonization = 3 scfn C- 14.5 lb/hr

Pipe: 316-SS, OD -1 in ID - 0.95 in

Gt - 2,950 lb/(ft 2 )(hr) Ret = 2,470

f= o.ooo4(1) Ž p = o.1 psi/l00 ft pipe

length - 8 ft equivalent length 14 ft

P 0.1 x 14/100 - 0.01 psi

Pair reaching nozzle - 30.5 psia

,i;-p" 8 x (0.27 lb/it) - 2.1 lb
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3. Reaction Fuel Pipe

WF 2.62 lb/min = 157 lb/hr

t 300F

VF = 0.475 gpm = 28.5 gph

Pipe: 316-SS, OD = 0.5 in TD = 0.49 in

Gt = 120,000 lb/(ft 2 )(hr) Ret = 5,450

f = 0.00033(1) A P = 0.34 psi/I00 ft pipe

length = 12 ft equivalent length = 15 ft

Alp .05 psi Wpipe = 12 x (0.027 lb/ft) =

4. Vaporization Chamber (VC)

(a) Nozzle

Fuel delivery = 0.475 gpm = 28.5 gph

Nozzle set-up No. 42 (Spraying Systpms Co.,
Bellwood, Illinois) is selected

Weight nozzle = 0.5 lb

Spray angle = 20*

Minimum cone length = 39 inch

(bi VC Dimensions and Weight

Referring to diagram in Appendix H, we find by
trigonometrical relationship:

Y =41.8 in R =7.38 in

"Z =27.5 in X =25 in

L = 64 in =5.3 ft

IDYc = 14.75 in

For Hastelloy C: wall thickness = 0.1 inch

ODvc 1 4 .95 in Wvc 4 6 lb
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(cj Pressure Drop in VC

The total pressure drop in the nozzle and vaporization
chamber is estimated at 20% of the gage pr,_s=ure of the air reaching the
nozzle. Thus

P - 0.2 x 15.8 = 3.16 psi' 3.2 psi

and the fuel-rich mixture leaves VC at 27.3 psia.

5. Heat for Vaporization Chamber

DIring startup, air is available at 250°F and futl at 9/QF. The
amount of heat to supply via electric heaters to insure total vaporization
of the fuel is

Q = 14.7 (246.7-52.2) + 5.7 (688.2-12.8) = 6,670 BTU/hr

The requited heater capacity is 2 KW, however, occasionally a larger
heater may be necessary. Fence, a 4 KW heater is assumed, and its weight
is estimated at 7 lb.

6. VC Outlet Pipe

This double pipe is designed in such a way that both fluids (fuel-
rich mixture from VC in the inner pipe and the bulk of air in the arnulus)
arrive at the combustor with the same pressure. The pipe for Case III is
the same as that used in Case I, and details are given in Figure F-2 in
Appendix F.

(a) Inner Pipe for Fuel-Rich Mixture

WF-A mix = 172 lb/hr

tmix = 1,012 0 F

VF-A mix = 16.7 cfm

GFA mix = 21,200 lb/(ft 2 )(hr) Re - 33,800

f o.0oo2(l) AP = 0.62 psi/'.00 ft

Since 1/3 ft wil. be used

A P = 0.62 x 0.33/100 = 0.002 psi (negligible)
and the fuel-rich mixture will reach the combulctor at
27.3 psia.
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(b) Annular s'pace for Air

SWair = 2,093 lb/hr

t l ,012*F Vair i 66 4 crn

Ga 177,000 lb/(ft 2 )(hr) Rea 3o,04o

f = 0.00022(2) bp 8.81=psi/ft

The air reaches the annulus at 30.2 psia and the fuel-
Srich mixture reaches the combustor at 27.3 psia. Equalization of the

pressure requi,'es that the air stream lose 2.9 psi on passage through the
annulus. Consequently, the length: of the pipe is

2.9; 8.8,. 0.33 ft

(c) Weight of the VC Outlet Pipe

The weight of the double pipe (including fins and
heating elements) is 4.65 lb/ft. Thus

Wpipe = 0.33 x 4.65 1.6 lb

•7. Total Weight of Air and Fuel Feed

Air pipe (main) 17 lb

Air pipe (VC inlet) 2.1

Fuel pipe 0.3

Spray nozzle 0.5

Vaporization chamber
(Hastelloy C) 46

Heater 7

Outlet piping 1.6
I

Added for fittings 0.5

Total 75 lb

b. Combustor

The segmented reactor is chosen for Case IIl.

1. Catalyst and Combustor Cross-Section

As previously calculatedj, the amount of catalyst for 75%

conversion at the design conditions is 8.5 lb or 0.21 ft 3 .

382



I
Considerations regarding catalyst and ioolin tV bing yield

a rectangular duct 12.5 inch (I.0o42 ft) high and 'AO inch f2.5 fL) wide,
with three catalyst layers of 1/4, 3/8, and 1/2 in. thickness. The volume
of catalyst is distributed as follows:

I'ayer Thickness, In. Volume of Cataly.t, ft 3

1 0.25 0.0542

S2 0.375 O.O81M4

3 0.5 0.1085

Total 1.125 inch 0.2441 ft 3

Thus, the weight of the catalyst used is

f0.2441 x 40.6- 2 lb

This is about 17% in excess of the calculated amount. This ex-ess is
regarded as assurance that the desired conversion will be acilieved when
a charge of catalyst nears the end of its service life.

Six screens are required to keep the catalyst 1i place.
Assuming a 0.041 inch wire diameter, the unit weight is 1.7 lb/ft2 and
the screens weigh

6 x (1.04 x 2.5) x 1.7 27.2 lb

2. Heating Elements

They are shielded electric resistance wires, 3/16 inch
diameter, and are spaced 3/8 inch 4 to t. Thus, there are 33 elements,
and they weigh about 0.1 lb/ft. Consequently,

33 x 2.5 x 0 .1 8.3 lb

3. Data for Transfer of Combustion Heat

(a) Iod

The same reasoning as in Appendix H is used here. Also,
only those data that differ from the ones used there are listed In what
follows.

WA.F mix -WMBr 2.,,25 lb/hr

WR2 cool 1,470 l•b/hr

•total 1,608,000 DTUhr

%2 OPreheat - lpýPIO00 BTU/h"

4120 Vaporiz. -146ooBuh
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(b) Properties

H20 H20
Prebeating Vaporization

Section Section

Temperature gases in, *F 1,337 1,337

Temperalure gases out, OF 1,337 1,337

Temperature coolant in, *F 88 212 (liquid)

Temper.,ture coolant out, *F 212 (liquid) 212 (steam)

L T, OF 1,190 -

:i)S 0.1 -

FT (assumed)-

At mean, OF 1,190 1,125

Caloric temperature of gases, Tc, "F 1,337 1,337

Caloric temperature of coolaat,
tc, OF 150 212

G MBG 0.2 (A-F Mix) +
0.8 MBG

Temperature, *F 1,337 1,337

Average pressure, psia 26.2 26.2

)- viscosity, lb/(ft)(hr) 0.094 0.095

,p specific heat, BTU/(lb)('F) 0.282 0.288

k = conductivity, BM/(hr)(ft2)(*F/ft) 0.o412 0.041

(cp #/k)1/3 o.862 O.874
€1 1

V - molar volume of gas,ft3/1b-mole 686 686

V specific volume of fuel vapo, .58
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Preheating Vaporization
Sectia.i Section

V, cfm 882 &75

d density, lb/tt3  o.o428 0.04315

S specific gravity with
respect to water 0.000686 0.0006915

Data on coolant in Appendix H ---

(C) Tu.binlg (316-SS)

Tubing: ODt 1 in wall =0.025 in nDt =o.95 in

- 13.92 BTU/(br)(ft 2)(F/ft)

Fins: b a 0.125 in thf - 0.035 in Nf - 8 fins/inch tubing

re a 0. 6 25 in rb - 0.5 in ODf - 1.25 in

Bank arrangement: square pitch

Nit/b 10 tubes/bank

ST = SL= Vs 1.25 in

Duct Side Tube Side

0Arm.589 ft 2 /ft %a 0.004o9 ft
A0 - 0. 188 ft 2 /ft At/b 0-0049 ft 2 /ban
Pp - 5.44 t/ft

des 0.o91 ft dot 0.0792•ft

a a 0.375 ft 2

Gs - 6,040 lb/(ft 2 )(hr) Gt 3 30,000 lb/(ft2 )(br)
*d 602 mlU/(hr)(ft 2 )(O*) h~d, W M /(hr)(ft 2 )(Fp)

Fin Efficiency and Inside Tube Area

re/rb 1.25 Yb =0.00146 ft

(re-rb)( 0.5 .o.0101 / )0.5
aj.-o.249 ft 2 /ft

Ait/b 6.22 ft /ank
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Pressure drop, duct side

v NF - 0.113-. ft-'

sF - 19.44 rft 2

Dev 0 O.0233 ft

o.4 o.6
(De.7\ = m0.552 = 1

4 . Heat Exchange SurfAce

1120 1120
Preheating Vaporization

Section Section

Heat Transfer - Duct Side

Re. 5,850 5,790

Jf49(3) 48-5(0)
hf, BTU/(hr)(ft2 ) (O) 19.3 19.1

* h., BTU/(hr)(ft 2 )(oF) 18.7 18.5

Heat Transfer -Tube Side

* Ret 2,230 7,200
hi8(4) (

h1 P BTj/(ihr)(ft
2)(Op) 71.510

* hl, BTU(hr)(t2)(oF) 62.5 84.7

Heat Transfer - Overall U and Area

(re-rb) (97-)O'5  O.mJ 0.31-4
./,.0.96(5) o.96(5)

h, BTU/(hr)(ft2 )(*F) 6.7 56.1

uDi, BTu/(hr)(ft 2)(OF) 29.7 33.8

AiT, ft 2  5.1 37.5
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AiT, total " 42.6 ft 2

Mb 7 banks of cooling tubes

Number ot cooling tubing banks - 7

5. Presture Drop

(a) Tube Side

Gt - 30Q000 lb/(ft 2 )(hr) Ret 7,200

f - 0.00031(1)

APbank * 0.106 psi/bank 2.5 ft long

A return bend is equivalent to 6 ft of tube

". APbend. 6 x 0.106/2-.5 = 0.254 psi/feturn b'nd

consequently

Aptotal = 7 x 0.106 + 8 x 0.25•4 2.77 psi

A Pressure loss in cooling coils -2.8 psi

(b) Duct Side

The pressure drop in the BG as it flows through the combustor
is the sam of five indi-Adual losses, which are listed below (for details
see Appendix H):

* Pressure loss due to gradual expansion:

Gases reach combustor with 27.3 psia - 12.6 psig

P1 " 0.08 x 12.6 - 1.01 psi

Air-fuel mixture reaches heating elements with 26.3 psia

0 Pressure loss through layers of catalyst:

Vo - 5.6f t/sec

S- 0.0000264 lb/(ft)(sec)

Re = 57.2 .-. turbulent flow
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Bed thickness - • layer thicknLss - 0.094 ft

AP2 0-018 Psi

0 Pressure loss through screens:

, 0.000691 g/cc .4 0.0393 cps

]Re - 107 C- 1.15(9

<2$A " P3  0.00082 psi/screen

f A' 3  0- 6X O.C4XC,2 - O.05M c (nee1ligible)

*• Pressure loss due to cooling coils:

,- (7 + 2) 1.25/12- 0.9375 ft

Re l,4 8 0

f - 0.00313(3)

A P4  b o.07 psi

0 Pressure loss in "orifice":

:- - 38.9 ft/sec

Pv = 23.5 ft (column of BG)

"-67 0.007 psi

A1 - 12.5 x 30= 375 inch2

A2 - 8.5 x 26 = 221 inch2 (2 inch high barrier)

k/Al 0.59

1 A P5 - 0.002 psi (negligible)

0 Total pressure loss in canbustor duct

APT 1.01 + 0.18 + 0.005 + 0.07+ 0.002 = 1.267 psi

A T 1.3 psi
Thus the pressure of moist BG leaving the combustor is 27.3-1.3 -

26.0 psia.

Pm leaving conbustor - 26.0 psia
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6. Fuel Preheating Pipe

This pipe is located at the downstreaa end of the combustor.

WF - 157 lb/hr Q- 9,70 BTU/hr

tfuel in " 200F tfuel out 300*F

Hot Fluid, OF Cold Fluid Difference, *F

1,337 Higher temperature 300 1 I,037

L, 3 3Y Lower temperature 200 1,027

0 Difference 100 100

LMTD 1,,088@F (no correction is applied)

Tc- 1,3370F tc 250"F

Data for BG at 1,337 are given above

Data for fuel at 250F

F " 1.21 lb/(ft)(hr)

Cp,F - 0.595 BTU/(lb)(CF)

kF 0.0751 BTU/(hr)(f)(°F/t)

(cpAIk)113 - 2.125

r F 5.7 lb/gal = 42.6 lb/ft 3

SF - 0.683

O F - .07

Tubing

ODt =0.5 in wall 2 0.020 in IDt -0.46 in

Fins: bf = 0.125 in thf - 0.035 in NI - 8 fins/inch

rb -0. 25 in re - 0.375 in ODf 0.75 in

It is assumed the tube makes 5 passes across the conbustor duct.
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Heat Exchanger Surface

Duct Side Tube Side

Af - 0.327 ft 2 /ft at- 0.00115 ft 2

Ao= 0.94 ft 2 /ft

Pp - 5.44 ft/ft

des 0.0493 ft det C 0.0383 ft

as 2.366 f2

Gs m 960 lb/(ft 2 )(hr) G t 136,000 lb/(ft 2 )(hr)

Re. * 500 Ret 4 4,320

J= 8.43) Jh . 15 (4)

hf - 6.1 BTU/(hr)(ft 2 )(oF) hi - 66.9 BIU/(hr)(ft 2 )(0F)

hf 6.0 BTU/(hr)(ft 2 )(oF) hi - 52.7 BTl/(hr)(ft 2 )(oF)

re/rb = 1.5

h'f 0.5
(re-rb) (k-t' - 0.179

0 0.98(5)

al. 0.12 ft 2 /ft

hn = 20.8 BTu/(hr)(ft2 )(?)

"" - 14.9 BTU/(hr)(ft2 )(GF)

'a i .0.6 ft2

Lt 5 f

This will give five 1 ft long passes.

Weight of tubing = 0.34 x 5 - 1.7 lb
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7. Weight

All equipment items are made of 316-SS, except when specified
otherwise.

Catalyst 9.9 lb

Screens (6) 27.2

Heating elements 6.3

Fuel preheating tubing 1.7

Cooling tubing (7 x 18.3 lb/bank) 128.2

Duct, Ha.stelloy C) 127.7

Total 303.0 lb

c. Heat Exchanger No. 1 (HE 1)

HE 1 is located immediately after the combustor, from which it
is separated by the "orifice". Provisions are made for flaps for isolation
of the combustor from the rest of the subsystem during start-up.

1. Data for Heat Transfer

(a) Loads and Temperatures

Q - 472,000 BTU/hr

Wair a 2,108 lb/hr

WMB - 2,265 lb/hr

Air enters at 250OF and leaves at 1,1120F

Moist BG enters at 1,337*F and leaves at 61.1F.

Hot Fluid Cold Fluid Difference

1,3370F Higher temperature 1,112 225

611 Lower temperature 250 361

726 Difference 862 136

Mean temperature difference

IWD - 288"F

R - O.8 S -o.8 FT - 0.68( 6 )
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Caloric temperature

Arithmetic averages are sufficient, thus:

for BG: Tc - 974

for air: tc - 681

(b) Properties at Above Temperatures

Air Moist BG

Temperature, *F 681 974

Average pressure, psia 32.8 25.0

ýL lb/(ft)(hr) O.0X75 0.0832

%, BTU/(lb)(*F) o.254 0.291

k, BTU/(hr)(ft 2 )(F/ft) o.o282 0.0345

(C I/k)103 o.878 o.889

011
Vm, ft 3 /lb-mole 373 615

vFVy.,ft3/lb. - 4.8

V, cfm 454 791

, lb/ft 3  0.0775 0.0477

S 0.00124 0.000765

"* (c) Duct and Tubing

Duct: hd = 2 ft bd - 2 .5 ft

Tubing: ODt = 1 in wall = 0.035 in IDt - 0.93 in

Fins: bf - 0.125 in thf = 0.035 in Nf = 8 fins/inch

r a 0.625 in rb 0.5 in ODf - 1.25 in
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Bank arrangement: square pitch

Nt/b = 19 tubes per bank

sT - 1.263 in = 0.105 ft

SL = Vs - 1.25 in = 0.104 ft

2. Heat Exchange Surface

Duct Side: MBG Tube Side: Air

Af = 0.589 ft 2 /ft at = 0.00472 ft 2

AO = 0.189 ft 2 /ft

Pp = 5.44 ft/ft

des 0.91 ft det = 0.0 7 75 ft

as = 0.765 ft 2  At/b = 0.C897 ft 2 /bank

Gs = 2,960 lb/(ft 2 )(hr) Gt 23,500 lb/(ft 2 )(hr)

Re. 3,240 Ret 24,300

Jhf 32(3) Jhi 81(4 )

hf = 10.8 BTU/(hr)(ft 2 )(CF) hi = 25.9 BTU/(hr)(ft 2 )(OF)

hds 602 hdi 333

h = 10.6 h' =24
f i

Overall design coefficient, area, and number of banks

re/rb = 1.25

(re-rb) ) 5 = 0.24(kt Yo =o.

. = 0.98(5)

ait o0244 ft 2 /ft

Ait/b = -1.57 ft 2 /bnh

hfi - 33.3 BTU/(hr)(ft2)(oF)

UDi= 14

Overall design coefficient 14 BTU/(hr)(It2)(eF)
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AiT *172 f.

I:Numiber of banks - 15

3. Pressure Drop

(a) Tube Side: Air

P P - 0.026 psi/ft of bank

APbank - .066 psi/bank

A return bend is equivalent to 5.5 ft tubing.

APbend = 5.5 0.26= 0.145 psi/bend

Consequently

SPtotal 15 x 0066 + 16 x 0.145 -3.31 psi

Pressure loss ia cooling tubes - 3.3 psi

The air was assumed to be available from engines at 34.9 psia
and to suffer a loss of 0.6 psi on its way to HE 1, where it arrives with
34.3 psia. Consequently, air will leave HE 1 at 34.3-3.3 - 31 psia, and
the aver.ge pressure of air in HE 1 is 32.65 psi (very close to the 32.8 psia
assumed in calcuLation of properties of air).

.APair leaving HE 1 31 psia

(b) Duct Side: MBG

Tlere are three individual losses which combined yield
the overall pressure loss suffered by the moist B0 in HE 1:

r 1 pressure loss due to enlargement, A P1,

' pressure loss due to cooling tubing, .iP 2

e pressure loss due to contraction,- AP 3
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I(i) 
Pressure loss Due to EnxarS~nt

There is a sudden enlargtment from the "orifice"(area 221 inch2 ) to the HE 1 duct (area 720 Inch2 ). It is estimated thata pressire loss equal to 8% of gage pressure of incoming gas takes place(the samae as in the case of gradual enlargement from i pipe to a duct).

P1 - 0.08 (26.0-14.7) - 0.91

(ii) Pressure Loss Due to Banks of Cooling Tubing

V 0'. 0221 ft 3

S = 36.9 ft 2

D O.o24 ftev

(DeST)" -0.553

(sI/ST)0. 6  = 0.994

Re 850o
f o~oo9340

-L 1 5 x 1.25/12 =1.563 ft
iAP,, 0.03 Psi

f • 
(iii) Pressure Ioss Due to Contraction

There is a sudden contraction from the duct(area 720 inch2 ) to the orifice (8 x 26- 208 inch2 ) which is sizedA accordingly to the duct of HE 2. It is estimated that a pressure lossequal to 2% of the gage pressure of MBG arriving to HE 1 exit takes place(same as in case of gradual contraction from a duct to a pipe).

AP3 o 0.02 [26.0-14.7-(0.91 + 0.03)] - 0.31 Psi
(iv) Total Pressure Loss in the Duct

A PT -0.91 + 0.03 + 0.31 = 1.2 psi

The average pressure of moist BG in the duct, fordetermination of properties, is

26.o - (0.91 + 0.5 x 0.03) - 25.08 psia

which is very close to the assumed 25 psia.
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Moist BG reaches HE.2 at 2,6-1.25 24.75 psia.

PMBG leaving HE 1. 24-.7psia

4. Weight

Cooling tubing of 316-SS .(40.3 ib/bank) 605 lb

Duct of Hastelloy C 168

Total 773 lb

d., Heat Exchanger No.-2 (HE 2)ý

This exchanger follows immediatel.y after HE 1. HE 2 uses fuel
as coolant for removal of sensible 'neat from the BG, and for removal of
hent of condensation releesed by all the condensable fuel vapcr and by
part of the water vapor present in the BO stream. BG leaves HE 2 as a
gas saturated with moisture at the exit temperature.

1. iata for Heat Transfer

(a) Wads and Temperatures

W-MBG, in - 2,265 lb/hr

WSBG, out 2,135 lb/hi

WBG, avg 2j,200 3b/hi!

Wfuel, coolant 3,600 lb/br

Q 414,,ooo B~ru/hr

* BG enters at 611eF and leaves at 85*F

* Fuel coolant enters at 65*F and leaves at 2750F

Hot Fluid Cold Fluid Difference

611 Higher temperature 275 336
85 Lower temperature 65

26 Dierence 210 316

S.i
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Mina- Tem~perature Difference

IWO1 Or 112 F

R a2.5 s o.t 4 RT-07

At - 729:
Caloric Temperatures

At/ Mth 0.06

for temperature range of 210*F and 53.6*Api

* 0.132(7) and Fc U0.29(7)

Consequently

T* 238"F for BG

=c 1260F for fuel coolaint

(b) Properties at Above Temperatures

Fuel Coolant BG

Temperature, OF 126 238

Pressure, psia 23.5

UM l.b/ (ft)(hr) 2.49 0.05

CBTrJ/(lb)(*F) 0.518 0.254

k, BTU/(hr)(ft)(/t 0.0Y783 0.0187

(%- )A/k )1i.3 2.55 0.88

1 .07 1

VM, ft3'/1b-miole -316

-VFV, ft/:lb -2.5

VavgP cfri -- 393

ps lb/ft3  45.95 0.0933

S 0.7366 0.0015
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(c) Duct and Tubing

Duct: hd a 1 ft bd 2.5 ft

Tubi.: ODt - 0.5 in wall - 0.020 in - 0.46 In

Fins: bf 0.125 in thf - 0.035 in f - 8 fins/inch

re a 0.375 in rb - 0.25 in ODf -0.75 in

Bank arringemeit: square pitch

Nt/b - 26 tubes per bank

.ST SL - Vs U 0.75 in - 0.0625 ft

2. Heat Exchange Surface

Duct Side: BG Tube Side: Fuel Coolant

' 0.327 ft 2 /ft: t 0.00115 t2

A0  0,094 ft 2 /ft

P - 5.,44 ft/ft

es i0.049 :t det =h0.038 3ft

a. 0.6 ft 2  At/b - 0.0185 ft2/bank

,- 3,670 Ib/(ft 2 )(hr) 195,000 lb/(ft2 )(r)

Res 1  3,620 Ret -3,0

-J 34.5(30 Jlh " 7.6

hf 2 1.5 Bu/(••r2)ft() ½ - 42.3 BTU/(hr)(ft 2)(oF)

b. 5s -602 hd= 500

h; U-.3 14 -39.0

Overall Design Coefficient, , Area, and Number of Banks

re/rb - 1.5 kt _ 9.4 ]1TJ/(hr)(ft 2 )(*F/ft)

(re-rb) (aItit 0. 3

sea - o••

sit 0.12 ft 2 /ft

Aft/b - 4.82 ft 2 /bank.
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•; h'(hr)(ft
- 38.6 T/ )(WF)

U; 39. 19.4 J/(r)(ft)('F

Overall design coe-fficient - 19.4 BTU/(hr)(ft 2 )(F)

AlT .270 ft2

Nfb 56

Ruber of banks 5

3. -Pressure"lrop

(a) Tube Side: Fuel Coolant

f o.ooo04(l)

A Pbank - 0.024 psi/bank 2.5 ft long

A return bend is equivalent to 2.8 ft tubing

SPbend 0 .O24 x (2.8/2.5) 0.027 psi/bend

Consequently

6 Px 56x0.0 2 4 + 57 x 0.027 2.9 psi
Ptdtal

"t is possile that a fuel booster pump will be necessary,
so that the fuel will arrive at the engines and the vaporization chamber
with sufficient pressure.

(b) Duct Side: BG

The losses are caused by:

* enlargement, AP,

0 condensation (loss of volume), AP2

* flow through the "orifice", AP 4
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(i) Pressure Loss Due to Englarg=nt

The enlargement frcm the "orifice" (area a208 inch2 )
to the duct (area - 360 inch2 ) is relatively a=Al. It is estimated that
a pressure loss equal to 4% of the gage pressure of inctting gas takes place.

A"P, - (24.7-14.7) x 0.04 - 0.4 psi

(ii) Pressure Loss Due to Condensation of Fuel Vapor
and Part of Water Vapor

P *24.7 - 0.4 -24.3 psia

total of gases entering a 1.28542 lb-moles/min

fuel vapor condensed a 0.00565

water vapor condensed a 0.07676

total condensed .08241
ii:::•0 op . .824,1

AP 2  - x 24.3 = 1.56 psi

"(iii) Pressure loss due to banks of cooling tubing

V X-o.083 ft 3

SF 16.86 ft2

D' -0.0196 ftev

(DeV/ST)O. 4 - 0.63

4 =1,44o0

f = 0.00315(3)

AP £p- 0.06 psi

(iv) Pressure Loss Due to "Orifice"

Not calculated since previous cases have shown
it to be negligible.

(v) Total Pressure Loss in the Duct

A PT o. + l.5 6 +0.0 6•- 2.o02 psi

"'" P3BG =24.7 - 2.02 22.7 psia

14oo
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PSBG leaving HE 2 - 22.7 psia

34* Weight

Cooling tubing of 316-SS (14.1 lb/bank) 789 lb

Duct of Hastelloy C 205

Boostcr pump for fuel coolant 16
1,.010 lb

e. Redesign of HE 2

In the preceding conceptual design, it was ansgued that only the
fuel used by the engines (60 lb/mmn) would be available to cool the BG
in HE 2, and this fuel was allowed to reach whatever temperature was called
for to absorb the heat. (Figure 47 indicates this temperature t0 be 275F.)

A more favorable temperature difference is obtainable if it is
assumed that the fuel is recirculated at a rate sufficient to give a lower
exit temperature, and this could provide a substantial reduction in transfer
surface and weight. Assuming that fuel coolant enters at 65*F (h - 15.8
BTU/lb) and leaves at 150OF (h - 58.8 BTV/lb), the amount of fuel necessary

S..to perform the required cooling duty is

6,8%
Wfuel, cool. .160.4 Ib/mmn

* 9,620 lb/hr

No other changes are introduced.

1. Design of HE 2

The duct and the tubing, as well as their arrangement, remain
the same as in Part d. Only the items that change are listed in what
follows.

(a) Temperatures

imID - 14O.7"F

R - 6.2 S 0.16 FT 0.85(6)

¶4&t . ll9OF

Atc/Ath 0.0434

For range of 85*F and 53.6" API

r, 0.078(7) and F•0  0.273(7)

4o0
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thus

Tc - 229F and tc - 88F

(b) Properties

For BG, the properties at 238*F (see above) are used,
because they are practically the same as those at 2290F.

For fuel coolant, the properties at 82F (Appendix .H)
"are used, since they are practically the same as those at 88 F.

(c) Heat Exchange Surface

There Is no change in calculations for the duct side.

Tube Side: Co - 5211 lb/(lt 2 )(hr)

Ret 5, .00

Jhi 17(4)

hi- 11 BT/(hr)(ft2 )(F)

hi' 92.8

Overall design coefficientt area, and number of banks

UDi - 27.3 BT/(hr)(f2)CF)

AkT - 127.6 ft 2

Nb 26.

Ni~amber of banks a27f

(d) Pressure Drop

(i) Tube Side

A 'bank o.oI3 psi/bank

Pbed 0.16 psi/bend

APT 27x o.13 +28 x O.6 8.34 psi

A fuel booster pump is a must.
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(ii) Duct Side

The pressure losses due to enlargement, conden-
sation, and orifice remain unchanged. The pressure loss due to cooling
coils is now about one-half of that in the initial design of HE 2 (Part d
above). This is such L smalm quantity, that the pressure of BG leaving
HE 2 is practically the same as before, namely 22.7 psia.

(e) Weight

Cooling tubing of 316-SS (14.1 ib/bank) 380.4 lb

Duct of Hastelloy C 102.6

Booster pump for fuel (coolant) 17

Total 500 lb

The length of HE 2 is now 22 inches.

f. Drier

The design target calls for delivery of dry BG with a maximum
of 1,555 ppm V/V of water (equivalent to <0.001 lb H2 0/lb dry gas).
Parallel flow of fluids is again used.

1. Data for Heat Transfer

(a) Loads and Temperatures

WSBG, in w 2,135 lb/hr

Wdry BG, out a 2,080 lb/hr

WBG, avg. - 2,107 lb/hr

WH2 0, coolant - 1,470 lb/hr

Q - 77,600 BTU/hr

BG enters at 85"F and leaves at 100"F

Cooling water enters at 35*F and leaves at 88OF

Hot Fluid Cold Fluid Difference

1000F Higher temperature 88"F 12OF

S85 Lower temperature 35 50

15 Difference 53 38
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Mean temperature difference

Im - 26.7F

R C! 0.3 s o o.8 FT 0o.96( 6 )

Atce W'F

Caloric temperatures

Arithnetic averages are sufficient

for G: T -93*F

for vater: tc - 62"F

(b) Properties at Above Temperatures

BG, Cooling Water

Temperature, "F 93 62

Pressure, psia 21.2 -

JAj lb/(ft)(hr) 0.045 2.76

%p, BTU/(lb)(*F) 0.214 1

k, JB/(hr)(ft 2 )('p/ft) 0.0155 0.329

(cp"A/k)1/3 0.886 2.03

01 1.03

* V3, ft 3/2b-moles 280

Vavgn, cf 329 -

.b , b/ft 3  o0.o7 62.3

S 0.0017 1

(c) Duct and Tubing

Duct: The duct cross-section, dictated by the superficial
velocity limits for CaC 2 , is: hd = 2 ftbd 2.5 ft.

Tubing: MtO -0.375 in vwa O.Ol in IDt a 0.343 in

Fins: bf - 3/16 in thf -0.035 in Nf 8 fins/inch

re=0.375 in rb -3/126 in ODf=0.75 in
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Bank arrangement: square pitch

No,/b a 32 tubes/bank

ST a 0.75 in - 0.0625 ft

SL - Vs - 1.47 in - 0.123 ft

2. Heat Exchange Surface

Duct Side: BG Tube Side: Cooli, Water

Af - 0.442 ft 2 /tt at - 0.000642 ft 2

.% - 0.0707 ft2 /ft At/b - O.Oc ft2

Pp - 7.4 ft/ft det - o.02ft

de a O.•44 ft Gt - 71.,600 1',/(ft 2 )(br)

as - 1.8 ft 2  Ret -74 O

Ga - 1,210 lb/(ft 2 )(hr) V" - 0.32 Zt/sec

Res - 1,175 h, _ 107(8) BTI/(h)(ft 2)('F)

Jf = 15.5(0) factor - 1.1(8)

bf - 4.85 BTUI(hr)(ft 2 )(op) hi 1-17.7 BTU/(hr)(ft2 )(*F)

hd =m602 if - 500

h; =4.8 - u95

Overall design coefficient, area, and number of banks

re/rb = 2

Ybo.ool46 frt

kt -116.7 BTrJ/(hr)(ft 2 )(*p/ft) for aim~inm.

(re-r-) (.--y.)0.5 - 0.083

if
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0.Q9,3(5)

&it " o.o8. ft 2/rt

!•t/b 7.18 ft2/bank

hf -26.9 BTU/Ch)(ft2)('p)

"Overall design coefficient a 21 MU/(hr)(ft 2 )(9F)

AiT 1 i47.8 ft,

Na 20.6

Number of banks - 21

3. Amount of Drying Agent

Calcium chloride alone is sufficient to provide a ballast

gas with less than 1,555 Ppm V/V of water.

(a) Efficiency of CaC12

Conditions: I000F exit temperature

:-14.7 psia exit pressure

Efficiency at SV a 1,900 hr"I is given as

equilibrium 0.95 =1 mm , g

i , Thus

Mni latn 1106,M
Efficiency. 76 mm 1., I Pm

S3 1,3 pm is equivalent to 0.00076 lb H2o/rt dry BG vhich is 24% less than

the maximum permitted of u.001 lb HO/lb dry BG.

(b) Volme and Neight of Ca1 2

The average flow of BO in the drier bed at design con-

ditions; is

VBG., avg. *329 eft
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The volume of CaC12 required for SV of 1900 hr"1 is

Volume CaC 2  ft 3 6ft31  60mi j hr -

The weight of CaCl 2 is

WcacI2 lO.4 x 51 530 lb

Weight of CaCl- 530 lb

(c) Water Removal and Useful Lifo of CaCI 2

(i) Concentration of Water Entering CaCI2

0•.5088 lb-Imoles H2 O/mrin

1.20301 lb-moles SBG/min X10-1.3
* 42 30O

The concentration of water in the gas leaving the CaCI 2 was shown above to
be 1,320 ppm.

(ii) Water Removed by CaC1 2

H2-,00 - x 100- 0

The total of water to be removed in the drier is 3.83 lb/flight, thus CaCl 2

3.83 x 0.~96- 3.72 lb/flipgit

and A 3.83-3.72 0.3.1 lb H20/flight will be left in BG. This gives

o.11llb H2 ol144.5 lb dry BG o.=076 3b H.0/lb dry BG

Actually, uring most of the flight the concentration of water in BG will
be be•w this value, because at conditions other than "design" the space
velocity Is less than 1,900 hr- 1 , conaequently, the residence time is
longer and the removal is greater.

(iii) Useful Life of Ca pIa

The capacity of CaCla under the design conditions
is 0.3 lb H20/lIb CaCl 2 . At 80% of the stated capacity, the CaCl 2 is capable
of retaining, without regeneration,
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530x 0.3x0.8 - l27lb HO

This, in turn, is equivalent to a useful life (no regeneration) of

127 Z 3.72 34 Mi~ts (or 403 min)

230 flight-hrs

Useful life CaC1 2 - 230 hr

(d) Bed Cross-Section

One of the conditions for proper operation of a CaC12
drier is that the superficial velocity of the gas be in the 50-100 ft/min
range, on average 75 ft./min. This gives a cross-section of

329 Z. 75 -4.4 ft 2

Consequently, using a 2 x 2.5 ft duct, the superficial velocity is

329 ÷ 5 - 66 ft/mn

and this is the cross-section chosen for the drier duct.

4. Volume and length of the Drier

(a) Volume Occupied by the Tubing

.. 5..... The volume occupied by one bank of cooling tubing it195Inc3, 0.13 t3 Thus, anthe bnsocp

211 0.13.3! 2.4 ft3

(b) Total Volume and Length of Drier Bed

The total volume of the bed is

10.4 +2.4 - 12.8 ft 3

The length of the bed is

12.8 Z 5 - 2.56 ft

Consequently, the spacing of cooling banks within the bed
in (2.56 ft 31 inch)

31 21 -l.k7 inch jto k
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A. Pressure Drop

(a) Tube Side: Cooling Water

APbank - 0.0058 psi

A return bend is equivalent to 2 ft tubing

APbend . 0.0056 x (2.0/2.5) 0.0047

Consequently

A Ptotal , 21 x 0.0058 + 22 x 0.0047 0.226 psi

I~'T~ate m'0.23 psi

(b) Duct Side: BG

There are the following losses:

a Pressure loss due to sudden expansion, /P1

9 Pressure loss due to friction in packed bed, P2

Pressure loss due to friction with cooling tubing, P
3

* Pressure loss equivalent to volume of water reved,
~A

Pressure loss due to sudden contraction, A&P5
(i) Expansion Loss

The sudden enlargement from orifice (area 208 inch2 )
to the duct (area 720 inch2 ) is estimated to produce a loss equal to 5% of
the gage pressure of incoming gas

API - (22.7 - l4.7) 0.o05 0.4p

(ii) Packed bed friction loss

Bed thickness, including the coils, is used.

Go 4 20 lbi(f,.2)(h.)
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I6 " 2,470

*f~f 0.052(10)

AP 2 - 0.32 Pt-

(iii) Cooling Coils Friction Loss

aVI 0.5 ft 3

Sy . 26.9 ft 2

e o.a7m46 ft.

(Dv/ST9 0* 4 a 1.07

(sjjsT)o. 6 a 1.5

f , 0.003()

AP-1 - 0.003 psi (negligible)

(iv) Loss Equivalent to Volume of Removed Water

Assuming afl water is removed half-way through
the bed, the total gas pressure at this point is

P - 22.7 - (0.4 + 0.5 x 0.32 + 0.003) - 22.14 psia

Total gases entering drier - 1.20301 2b-moles/min

Water to be removed - 0.050M lb-moles/min
A 40 05088

AP 2 0 x 22.14 - 0.94 psi

(v) Contraction Loss

The sudden contraction frcm duct to the outlet pipe
is estimated to produce a pressure loss equal to 5% of the gage pressure
of the gas reaching the outlet:

p 2 2 .7 - [14.7 + (o.4 + 0.32 + 0.94)3 6 .3 pasig

A~~N 0.0l4 x6.34 a 0.2_54 Rsi

(vi) Total Loss in the Duct

The losses due to the presence of the two screens
and the filter were not calculated because they are negligible.
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iI

APT 0.4 + 0.32 + 0.003 + 0.94 + 0.254 - 1.917 psi 2.0 psi

Pdry BG 22.7 -2.0- 20.7psia

I yBG leaving drier - 20.7 psia

The discussion, with regard to the BG pressure leaving
drier, in Appendix H, is valid in the present case, and is not repeated

Shere.

ee 6. Weight

(a) Drier

The drier is made of aluminum, except for the screens.

Duct walls are assumed to be 1/8 inch thick.

Weight of cuter walls (aluminum) 62 lb

Weight of cooling tubing (aluminum, 223.6
i0.65 lb/bank)

Weight of screens (2) 17.4

Weight of desiccant 530S~ii

Dust filter 3

Total 836 lb

(b) Cooling Water Supply

The amount of cooling water per flight is calculated to
be 155 lb or 2.5 ft3. A Emall heater, to prevent the water from freezing V
is include~d.

The pressure loss suffered by the water in the drier,
combustor, and the lines is rather small (about 3.5 psi). Engine bleed
air is available at least at 24 psia. Consequently, air can be used to

' push the water out of its tank.

Weight of Tank 20 lb

Weight of Heater 1
Weight of Water

Total 176 lb
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TAKE~ I-Je BALLAST GAS MOISTUR CO1nTI VS SUBSYSTE24 WEIGHT

IUseful Temperature Moisture Subsystem
Life,. of BOO Content, Weigiht, % weight

Plane Kra *F MV lbs JInitial fue

.50 150 10 4,p640 2.3

SBT.FP#l 50 150 4p600 3,974 2.0

no 1limit 100 68,400 3,132 1.6

185 150 10 8o229 4.1

SST-FP#2 185 150 4,.600 5,769 2.9

no limit 100 68,,400 3,429 1.7

73 100 10 1,,064. 6.1.

Tactical 73 100 1,320 961 5.8

no limit 85 42,,300 757 4.6

1146 100 10 3#260 2.2

Co-11i1 230 100 1,-320 2,663 1.8

DOlii 85 42,-300 1,825 1.2
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